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PREFACE 
I SHOULD not have had the coarage to 
volames to the public, had not reqaests repeatedly come to 
me from physicians and biologists to render my pablications, 
which are widely scattered, more easily accessible. There- 
fore, when the editor of the "Decennial Publications of the 
University of Chicago" invited me to make a contribution 
to the series, I mentioned to him, not without hesitation, 
the idea of collecting and republishing my papers on 
General Physiology. Through his initiative and kind as- 
sistance the idea has been carried out. 

No one will expect that a collection of papers on very 
diverse subjects can form attractive reading matter. Yet I 
may mention, by way of an apology, that, in spite of the 
diversity of topics, a single leading idea permeates all the 
papers of this collection, namely, that it is possible to get 
the life-phenomena under our control, and that such a control 
and nothing else is the aim of biology. Thus the reader 
will notice that in a series of these publications I have tried 
to find the agencies which determine unequivocally the 
.direction of the motion of animals, and he will also notice 
that I consider a complete knowledge and control of these 
agencies the biological solution of the metaphysical problem 
of animal instinct and will. In taking up the problem of 
regeneration I started out with the idea of controlling these 
phenomena, and considered it my first aim to find means by 
which one organ could at desire be caused to grow in the place 
of another organ. Thus the experiments on heteromorphosis 
originated. As far as the problem of fertilization is con- 
cerned, it seemed to me that the first step toward its solution 
should consist in the attempt to produce larvj© artificially 
from unfertilized eggs in various classes of animals. 

iz 



X Preface 

It seemed desirable that the reader should be spared an 
undue amount of repetition, and for this reason a number 
of publications are omitted from this collection, and those 
printed are in many cases shortened. Among the papers 
which have been omitted are the preliminary notices and all 
those papers of which I am not the sole author. Occasion- 
ally I have made additions in the form of footnotes. Such 
footnotes have always been marked by the addition of [1903] 
at the end. 

Only a small number of these papers appeared originally 
in English, namely, VII, XXI, XXVI-XXXV, and XXXVII. 
The other papers were translated from the German by Pro- 
fessor Martin H. Fischer, to whom I wish to express my 
sincere thanks. The credit as well as the responsibility for 
the translation belongs entirely to him. In the reading of 
the proof I was assisted by Dr. Fischer, Dr. Rogers, Dr. 
Bullot, and Dr. Bancroft. Mr. Rogers made the index for 
the first volume. To all these gentlemen my thanks are due. 

Jacques Loeb. 

Berkeley, California, 
October 14, 1904. 
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THE HELIOTROPISM OF ANIMALS AND ITS IDENTITY 
WITH THE HELIOTROPISM OF PLANTS» 

I. INTRODUCTION 

I INTEND to show in the following pages that animal 
movements depend upon light in the same way as the move- 
ments of plants. 

It is a well-known fact that animals, when light falls on 
them, move toward the source of light, like the moth, or 
move away from it, like the earthworm. It is also well 
known that certain plant organs have a tendency to turn 
toward or from the source of light when illuminated from 
one side only. While the conditions which govern the 
behavior of plants toward light have been well analyzed, 
especially by Sachs, little has been done to investigate the 
conditions upon which depend the movements of animals 
toward a source of light. It is the purpose of this paper 
to fill this gap, and to enumerate the facts which show that 
in reality the animal motions called forth by light depend 
upon the same circumstances as the motions which light 
produces in plants. 

The eflPects of light which we intend to study are purely 
mechanical, inasmuch as they consist in changes in position, 
as well as in the direction and the sense of the progressive 
movements of living animals. Consequently we shall regard 
as essential such circumstances as can help to explain the 
mechanical effects of the light. These circumstances, as in 
the case of all stimulations, are of a double origin: first, 
those belonging to the stimulus — in this case the light; and, 

1 Pamphlet, Warzburg, 1889. 
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second, those belonging to the structure of the organism. 

So far as tlie light is concerned, the circumstance which 
controls the orientation of the animal and the direction of its 
movements is the direction of the raya falling upon the 
animal." The condition which is of importance on tlie j>art 
of the animal is the symmetrical shape of the body. 

Sachs discovered that all plant organs which have a 
radial structure are orthotropic (this means that they bend, 
when light strikes them on one side, until their longitudinal 
axes lie in the direction of the rays of light), but that all 
dorsiventral structures are plagiotropic, i, e.^ they place their 
surfaces jierpendicular to the rays of light. Symmetrically 
situated points at the surface possess a quantitatively and 
qualitatively equal irritability. In this way tlie organ of a 
plant is mechanically forced to orient itself in such a way 
that the rays of light strike symmetrical points at equal 
angles to the surface. If the plant, as for example the 
swarm sj>ore of algsß, is capable of a progressive mütion, it 
must of course, in order to niaintaiu this position, move in 
the direction of the rays of light. This is, indeed, found to 
be the case. 

I shall now show that quite generally in animals (he 
direction of the ratß of light cant roh also the direction of 
those movements which arc caused hi/ light; that, in addi^ 
tioUj quite generally in animals their orientation depends 

1 In the^ QxpcFiineDta it k pro^mncKl tbnt tbn aiiitnal^i mav& tinder the iDflucDce 
of only OHO source of light. It is explicitly stated Id this aod the foilowinff impcra 
th^t if thejy> are several ^urceä of li^ht of Qoi'jqual int^niiUjr, tbo light with Ibs^ 
fltroagest üiteiiäitir determlAoütho orioutatloa and direct! oa of mot ion of thu auimaL 
Other possible eomplicatioQ^ are covered by the uumiiLl^ocal stntement, made And 
«niplifiLäised in this and tho following papers ud tho same snbject, that thu main 
feature ia all phi^nometia ttl hi^liotropism is the fact thüt sjfmmti^tricul points of ttio 
photosiünsiitiTO i»urface of the aoimtiL must he struck hf the rays of titrht at tb«.^ ^amo 
aatrl^- It i^ iu full harmony with thi^ fact thai if two sources of iii^ht of equal 
intcDütty aod distance act simaltanüoualy nptm a beliotropla aniinul^ the animal 
put.!« its moijian plane at rig'ht afifflvä to tbo line eonnectini^ tbn two sources of Li^bti. 
This fact waä not Only kriown to me^ but had been doinouf^tratv!<l by mf? on the larvm 
of flio£i a» t^arly a» lä87t in Wßrzbnrjf, uml often enough aiace. thmm facts ieem to 
hart] c^cap^d scTeral of my cfitic«. [lOtOl 
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on the form of the body in so far as dorsiventrai animals 
move with their median planes in the direction of the rays 
of light, in which position the rays fall upon symmetrically 
situated points of the surface of their bodies at nearly equal 
angles. In this way the fact that a moth flies into a flame 
turns out to be the same mechanical process as that by which 
the axis of the stem of a plant puts itself in the direction of 
the rays of light. In both cases, however — in the fatal 
flight of the moth as well as in the orientation of plants — 
one point remains unexplained, namely : how can the light 
so change the state of the protoplasm as to bring about the 
mechanical effects just mentioned? At present we are not 
able to form a clear idea of this. 

A second condition which has a determining influence 
upon the mechanical effects of light on plants is the refran- 
gibility of the rays. Sachs has shown that it is chiefly the 
more refrangible rays which are able to bring about move- 
ments in plant organisms. We shall see that quite gen- 
erally the more refrangible rays are also more effective 
mechanically in the animal kingdom. 

Thirdly, we shall prove that the orientation of animals as 
well as of plants takes place when the intensity of the light 
remains constant. Very often we observe, for example in our 
eyes, that a change in the intensity of the light acts as a 
stimulus. In addition to these essential considerations of 
the effects of light in the animal kingdom, the following 
factors play a role, namely: 

Fourthly, light causes the orientation of animals (as well 
as of plants) only within certain limits of intensity. Fifthly, 
temperature influences the movements of orientation in 
animals and plants toward light — which is true for all 
phenomena of stimulation. 

To sum up: The conditions which control the movements 
of animals toward light are identical^ point for point. 
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mäh those which have been shown to be of paramount 
inßuence in plants. 

Aside from the problem of proving by suitable experi- 
ments the stated pro{x>sitioü8, it is also necessary for us to 
show what role the orientation toward the light plays in the 
economy of life of an animal. I shall therefore first describe 
the experimental proofs of the identity of animal heliot- 
ropism with plant heliotropism, and then show by individnal 
examples what role heliotropism plays in the economy of life 
of animals. To discuss the latter point it will be necessary 
also to descriljo briefly the other forma of irritability jx^s- 
&essed by an animal. 

In a short article which appeared in January, 1888, I 
described the principal laws upon which de|:)ends the orien- 
tation of auimals to light, and the identity of these laws with 
those governing plant heliotropism/ 

IL THE ESSENTIAL PHENOMENA AND LAWS OP BELIOTEOPISM 

IN PLANTB 

Assuming that the reader is acquainted with the orienta* 
tion of plants toward a source of lightj it will suffice at this 
place to call attention briefly to the essential facta which l>ear 
n[ion our subject» In so doing I shall follow the presenta- 
tion given by J* von Sachs in his lecturea on plant physi- 
ology/ 

Straight stems or roots of growing plants bend when light 
falls on them oo one side only, or with greater intensity on 
one side than on the other, until their tips lie in the clirec- 
tion of the rays of light. Those organs which turn toward 
the source of light are called positively heliotropic; those 
w^hich turn from the Hght, negatively heliotropic, 

1 *' Die nrtetiti9ruiiftd«r Thlere gegec das Licht (thinrbdlipr H<!tüo(ro|nämaä)," 
SitMuntJothcrichte tier Würtltut-ffcf fiAjyj»tferi|i»fÄ-medt<Jiiti«c3At'w U^ai^itKch^tft^ Jauuanfi 
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It was formerly believed that the bending of tlie positively 
heliotropic parts of plants was due to the fact that the side 
which was turned away from the light grew more rapidly, 
because plants when brought into the dark at first grow more 
rapidly than they do in the light. But it was proved in 
Sachs's laboratory that negatively heliotropic organs also 
grow more rapidly in the dark. Because of the similarity 
of the geotropic and heliotropic movement in plants, Sachs 
came to the conclusion that the direction in which the rays 
of light penetrate the plant tissue determines the orientation 
of the plant toward light. He also proved that not all the 
rays of the visible sun spectrum bring about heliotropic 
movements, but only, or at least chiefly, the more refrangible 
rays. The less refrangible rays, which are of importance in 
assimilation, are ineffective heliotropically. If the light be 
previously passed through a dark-blue ammoniacal solution 
of copper, which absorbs all the red, yellow, and a part of 
the green rays, the heliotropic bending occurs in the same 
way as in completely white light. If, however, the light 
passes through a saturated solution of {X)tassium bichromate, 
which lets through only red, yellow, and a part of the green 
rays, " the heliotropic shoots remain straight and vertical, no 
matter how intense the light is which passes through the 
solution." Finally, if the light "is passed through a solu- 
tion of quinine sulphate, the fluorescence of which completely 
absorbs the ultra-violet rays, the heliotropic curvatures 
nevertheless appear — a proof that they are caused princi- 
pally by the visible blue and violet rays." 

The best proof of the theory that the direction of the 
rays of light controls the orientation of plants was found by 
studying freely moving plant organs, the swarm-spores of 
algSB. These swarm-spores make progressive movements 
like animals, and Strasburger* proved that they move in the 

1 Strasbuboeb, Wirkung des Lichtes und der Wärme auf Schwärinsporen 
(Jena, 1878). 
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direction of the rays, to or from the source of light The 
more refrangible rays alone exercise this effect on the swarm- 
spores. They behave in the light which has passed through 
an ammoniacal solution of copper jnst as in diffuse daylight. 
On the other hand, they are not affected by light which has 
passed through a potassium bichromate solution, by light 
from a sodium flame, or by the light coming through ruby 
glass. 

The chlorophyll-bearing protoplasm of cells moves under 
the influence of light.' The chloroplasts of a thread alga, 
Mesocarpus, turn ** their broad surf aces toward the sky so that 
the rays fall upon them at right angles. If the direction of 
the rays is changed, the chloroplasts turn so that their broad 
surfaces are again at right angles to the rays. Direct sun- 
light, however, causes the chloroplasts to assume another 
position— they place their surfaces parallel to the rays which 
strike tbem.^' 

According to modern plant physiology, the whole proto- 
plasm of a multicellular plant is to be conceived of as a 
continuous mass, as a single protoplasmic body,* Jlore 
recent investigations have shown that when a plant organ is 
illuminated^ that side of the organ which becomes concave 
from the effect of the light becomes rich in protoplasm, while 
the opposite convex side becomes j>oor.* Multicellular organs 
behave in this regard like unicellular ones. Thus it appears 
that the light forces the protoi^lasmic mass to move in such a 
way that i>ositively heliotropic protoplasm wanders to the 
side of the organ which is turned toward the light, while 
negatively heliotropic protoplasm wanders to the opposite 
side/ Should it turn out that this phenomenon really occurs 

I Sta^l, Boitinißtht: Zeitunff^ ta«0. < Sach», foe. cif., p, 94, 

s W*ortniann öipres^sed hiü fibfiRrTatifins In this waj* It i» possible« tbiit In 
reality proUipltü^iti an thü concibvo ^ulcn is nuly ttior« o|hi<]U« than on tbe o|>poäite 
side*. ThU difforetice in fiptic^nl iiippeitr^occr may simplf be the ezpregsiun of a 
differeuce in Cb« sie« of tbe coltoidal particte^« [1903] 
* Bee WoKTA^ANSTi Botanuche Zetlutifr, ISä?« 
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in all cases, it would prove that the protoplasm of a multi- 
cellular plant behaves just like the naked, creeping Plas- 
modium, which is also heliotropically irritable. 

III. SUMMARY OP THE MECHANICAL EFFECTS OF LIGHT IN THE 
ANIMAL KINGDOM W^ICH ARE THUS FAR KNOWN 

I shall in this chapter summarize briefly the facts and 
views in regard to the movements of animals under the in- 
fluence of light, so far as they are known up to the present 
time. These may be divided into three groups: 

1. Casual observations of the older authors (Reaumur, 
Trembley). These are unprejudiced records of simple obser- 
vations. 

2. Modern investigations on the effects of light from an 
anthropomorphic standpoint. The movements of animals 
are not attributed to mechanical causes, but to supposed 
human sensations of the animals. 

3. Investigations according to the method of Sachs, which, 
however, have been applied only to Protozoa. The last- 
named observations are the most important in these three 
groups. 

The earliest account of the effects of light on animals 
which I have found in the literature is by Reaumur.* He 
found that moths which are attracted by the candle flame *'do 
not fly from flower to flower during the day." Since he saw 
chiefly the males fly into the flame, he raised the question 
as to whether or not the female moths emit light like glow- 
worms. "Do not the females of the nocturnal Lepidoptera 
emit a light too feeble to make an impression on our eyes, 
but sufficiently strong to act on those of their males?" He 
had observed, evidently, that the males of the glow-worm 
which are attracted by the light to the aboral end of the 
females likewise fly into the light. Reaumur was, moreover, 

1 RlSAUBfUB, Memoire* pour »ervir ä Vhisioire d€$ inaectes^ Vol. 1, 1, p. 330 (Amster* 
dam, 1748). 
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convinced that the glow-worm liviiif]^ in the woods could see* 
Ho made a glass window in a tree in which such worms 
lived and noticed that the animals gave a start upon the 
approach of a burning caudle. 

Treaibley made far better experiments^ He found that 
"water fleas" can be driven around in a circle by a moving 
candle ; 

Bj the lif^ht of a wax tiiper I observed pol jpn to whieh during 
the day I had given many water fleas; ia the evening there were 
left in the glass some which the polypsj had not consumed. I 
noticed that most of them had collected on the side toward the 
candle. I changed the position of the taper, and they followed it* 
ÄB I had moveil its position repeatedly, and each time had seen 
that the water fleas followed it^ I moved the taper slowly around 
the glass without stopping, They foJ lowed, and thus made several 
trips around it, I have had the opportunity of repeatmg this ex- 
periment several times, 

Trembley's ol^servations on the effect of light on Hydra 
were made with great care. After he had re[ieatedly observed 
that the |X)lypa moved to the ''brightest'" side of the glass, 
he placed ^'a glass containing many green poly|)S in a case 
which had an o|jening on one side about opposite the middle of 
the glass." He reports as follows concerning their behavior: 

When I placed the glass so that the oi>euing in the case was 
tinned to the hght, the polyps always migrated toward that side 
of the glass which was opposite this opening, in such a way that 
together they made the figure of a gable. 1 often turned the 
glass around^ and after several days I observed the pol vjjs a^^ain at 
the opening arranged as before (in the form of a gablel To vary 
the experiment still fiui;her, I fixed the dark case so that the open- 
ing was at times straight, at other times inverted, and again the 
polyps arranged themselves together» 

After he had discovered that {Kjlyps which had been cut in 
two could '*move, eat, and multiply," he tried to see "whether 

1 Trexblrt, Ahhandtungen xur Gtachichte einer PoijfP^^i*^^* tranaL by OflTZK 
(Quediiaburg, ITttlJ. 
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these pieces would turn toward the light in the same way as 
the undivided polyps." He cut a number of polyps in two : 
the anterior halves he placed in one glass, the posterior 
halves in another. He found "in oft-repeated experiments 
that the animals in both glasses collected in the brightest 
regions in the glass." 

These are, as far as I know, the only extended observa- 
tions to be found in the old physiological literature of the 
effects of light upon animals. For a long time no further 
study of the effects of light upon animals was made. 
Johannes Müller mentions, in the preface to his Physiologie 
des Gesichtssinnes, that he made "investigations on the in- 
fluence of colored light on the vital phenomena of plants and 
animals," but, as far as I know, the results of his investiga- 
tions were never published. 

The modem anthropomorphic observations were intro- 
duced by Paul Bert. Bert raised the question: Do all 
animals see the same rays that we see?* He meant to ask 
whether all rays of the visible sun spectrum are able to 
bring about animal movements. An experiment with Daph- 
nia pulex was sufficient for Bert to settle this question. He 
projected a spectrum and found that the animals became 
restless in all positions of the visible spectrum: 

Mes daphnies erraient dispers^es d'une mani^re k peu pr^ 
dgale dans toute Tötendue du vase obscur, lorsque soudaiu je fis 
tomber sur la fente un rayon colorö, un rayon vert. Aussitöt elles 
s'agitörent, se groupörent toutes dans la direction de la trainöe 
lumiueuse et un trös-grand nombre 8*en vint se heurter, montant et 
descendant sans reläche contre la parol qui recevait la lumiere. 
Or, un semblable rösultat fut obteuu pour toutes les regions du 
spectre visible. Le rouge, le jaune, le bleu, le violet m6me atti- 
raient les daphnies. Seulement il fut facile de remarquer, qu elles 
accouraient beaucoup plus rapidement au jauue ou au vert qu'ä 
toute autre couleur. 

1 Bert, Archioea de physiologies 1869. 
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On either side of the spectrum the animals remained at rest 
In addition to this, Bert made another experiment. He 
had a spectmm projected on a trough, and observed bow 
the animals distributed themselves over the different parts 
of the spi^ctrum. 

LHmmense majority se pla^ dans le jaune, le vert, Torangej 
uiie aÄ^x grande quantitö se voyaieat encore dans le rouge, un 
certain nombre dans le bleu» quelqtiej^-nnes de plus en phis rares k 
mesure qu'on s*41oigtiait daus lea r^ons plus r^frangibles du 
violet, an delä du rouge, au delä^ de T ultra -violet; dans les r^ious 
Invisibles, eu un mot, on n'eu trouvait que d'isol^c^ en promenade 
accidentelle. 

From these facta Bert concluded that Daphnia behaves 
in the spectrum much as a man would, who, when reading a 
book, would move into the brightest part of the spectrum, 
into the yellow light. 

Lubbock repeated Bert's experiment on Daphnia/ One- 
half of a dish was covered bj a yellow screen ; the other 
half was left uncovered- In the uncovered half 1,904 
animals collected, while 3,096 gathered under the yellow 
screen. From this Lubbock conclmles that Daphnia has a 
** preference" for ''yellow.'*' But one would suppose that in 
the uncovered part of the dish there was at least as much 
yellow light as under the yellow screen; or did the majority 
'*hate'* the blue light? 

When Lubbock covered one-half of the trough with 
blue glass and left the other uncovered, he found 2,046 
animals under the blue glass, and 2,0-54 in the uncovered 
part of the trough. Whether one is to conclude from this 
that blue light is in the sease of Lubbock "disagreeable" to 
Daphnia is not stated. When half of the trough was 
covered with red glass, there collected 1,928 animals under 
the red glass, while 3>072 collected in the uncovered por- 

I Lpbbock. " Bic SlnQQ tind Ha>^ ^i^i-^tiicv* Lobeu dof Thiorßi." Intcmationah 
wiit^e'iMha/ntthe Bmiotkck, VuL LXVII {im^h 
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tions of the dish. When half of the vessel was covered 
with an opaque porcelain screen, Lubbock found 2,048 
animals collected under it, and 2,932 animals in the un- 
covered half. From these and similar experiments Lubbock 
concludes that the animals have a decided preference for 
yellow light. 

I also have made some experiments on the effects of 
rays of different refrangibility on Daphnia, and found that 
when the more refrangible rays (blue and violet) fell 
upon the animals they hastened to the source of light and 
moved up and down on the light side of the vessel. When 
I made the same experiment with the less refrangible rays, 
the effect was weak or did not take place at all. The result 
conforms with other facts which are to be described later. 
I shall, therefore, not revert to the Daphnia and their 
alleged ''preference for yellow." 

Lubbock has employed a similar method in his experi- 
ments on wingless ants;^ these, however, led to much more 
fruitful results than his experiments on Daphnia. In an 
experiment in which a vessel was covered with strips of 
red, green, yellow, and violet glass he found that 890 
animals collected under the red glass, 544 under the green, 
495 under the yellow, and only 5 under the violet. There 
is no doubt in this case that the animals collected under 
those glasses where they were struck by the less refrangible 
rays. Other experiments showed that red glass acts like an 
opaque body. 

The observation of Lubbock that ants avoid the ultra- 
violet part of the spectrum is also worthy of note. For the 
sake of completeness the experiments of Lubbock on bees 
and wasps must be mentioned, in which it was found that 
under otherwise similar conditions blue objects smeared with 
honey were preferred to those of another color. 

' Lubbock, ** Ameisen, Bienen und Wespen,*^ ibid.^ 1883. 
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The most extended experimeatö on the influence of light 
on the orientation of animals were made by Graber/ His 
'^comparative studies on light-sensations" (Vcrtjlrichrniir 
Liehf'OefUhl-Stadien)^ as he called his investigations, cover 
about fifty 8i)ecies. His method ia that followed by Lub- 
bock. 

The faultiness of this method and the errors of interpre- 
tation of the results obtained stniid out more clearly in 
Graber's writings than in Lubbock's, Graber covers one- 
half of' a vessel with a partially or completely opaque 
screen, and after a time notes how the animals are dis- 
tributed in the vessel. If most of the animals are under 
the opaque screen, Graber says that they are ''fond of the 
dark" and *'hate the light;" or in the reverse case, that 
they are *"fond of thelight"^ or of "the white" and *'hate the 
dark/' He therefor© uses the conceptions of '* white" or 
*'bright'* and "dark,"' which designate certain efffvis of lujhi 
npon a human being for the conceptions of great or small 
intensity of the light, and in saying that animals wliich 
''prefer the light^' also *'hate the darkness*^ he makes a 
ßeeond mistake in that he maintains that strong and weak 
light have opf>osite effects. We shall see, however, that 
these effects are similar aud differ only in degree, Hl^ makes 
the same mistake in exi>erimenting on rays of different 
refrangibility. The most important among the facts ob- 
served by him in this connection is this, that animals which 
"prefer the light" with a few exceptions also ** prefer"" bine, 
while those which "hate the light" ^'j^refer" red. His ideas 
are expressed in the folio wing remarks, which, however, I 
do not fully understand: 

The question arises as to the cause of this tnilj stnking rela- 
tion between the love for white lij<ht and for blue liji^^ht, on the on© 
hand, and l>etween the dislike for white light aud for blue light, 

(PmiTtiast). 
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on the other hand. If the law had reference only to white light, 
and not also to colored light — red, blue, etc. — which is, however, 
by no means always the case, one might at first be inclined to be- 
lieve that the animals which prefer red avoid mixed light because 
it contains many of the hated short waves of the blue and violet 
light; for this very reason it would be more agreeable than dim 
light to the animals which prefer blue, for dim mixed light is poor 
in all rays, and therefore also in blue. Yet the objection might be 
raised against this explanation that mixed light contains as much 
red for those animals which prefer red as it contains blue for those 
animals which prefer blue. Yet this objection could again be 
weakened by the assimiption that, since the animals which prefer 
red also prefer darkness, they prefer a minus of their chosen color 
to a plus of the color they dislike. 

Graber finally considers it best "to await further investi- 
gations in a field where great darkness still prevails." We 
see that Graber in regard to the effects of monochromatic 
light again establishes a contrast in efiFects where, as we shall 
see, a similarity exists. Graber was prevented from cor- 
rectly interpreting his results by attributing the movements 
of animals to sensations instead of to physical causes. If 
he had given up the anthropomorphic standpoint, he would 
soon have discovered that his experiments show that the 
more refrangible rays are more effective in causing the 
orientation of an animal than the less refrangible ones. 

In none of the investigations of Bert, Lubbock, or Graber 
has the influence of the direction of the rays on the orienta- 
tion been studied. Graber, for example, took it for granted 
that an animal moves to the light because, as he expressed 
it, *4t is fond of the light" or '*the white." If it moves 
in the opposite direction, it "is fond of the dark." Lubbock 
remarks incidentally that "ants do not like light in their 
nests, probably because they do not deem it safe." 

This sums up the opinions and results of the authors who 
sought to explain anthropomorphically the phenomena which 
interest us here. 



14 Studies in General Physioloot 

Finally, I have to mention the heliotropic investigations 
on Infusoria which were made along the lines mapped out 
by Sachis. To bring these investigations before the reader 
I shall deBcribe the more important observations which have 
been made on Euglena. The influent^e of the direction of 
the rays of light on these Infusoria was first demonstrated 
by Stahl: ^ 

Those individuals which did not swim abcmfc freely remained 
with their pointed posterior ends attached to the cover-glass or to 
other objects, while their free anterior ends were, according^ to con- 
ditions, either turned toward or away from the soiuce of light* The 
longitHdinal o-re^of lx)th the motile uud sessile Euglemer of Hci"d<?d 
as nearly as possible rvith the direction of the rays of light. The 
motionless ones behaved like the free-swimming ones whenever the 
di taction or intensity of the light was suddenly chanjy^, except 
that they reacted more slowly. If, for example, the gla^s slip was 
suddenly rotated through an angle of 180% the position which the 
animals occupied originally with reference to the soiutje of light 
was slowly reassumed, while the swimming individuals left their 
former path and moved in the original direction toward the light 
immediately after a change in its direction* 

Engelmann studied in Euglena the relation between the 
effect of the rays of light and their refrangibility*^ After 
he ha€l established the fact that when a drop of Eugleme is 
only partially illuminated the animals gradually accumulate 
in the lighted area, he brought the animals into a micro- 
spectrum* Here they collect^^d on the more refrangible side 
of the spectrum* The orientation of Euglena therefore 
depends on the direction of the rays, and esj^ecially on 
that of the more refrangible ones. It must finally be men- 
tioned that the anterior ends of the Infusoriie are most sen- 
sitive to light; yet the pigment spot is not, as might be 
supposed, the most sensitive, but the colorless protoplasm in 
front of this. 

Besides these direct effects of light in phenomena of 

1 BataniKhe Zeitung, iSäO* ^ Fjiüffera Archiv^ Vol. XSQX (iaS2). 
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orientation, which alone interest us here, there are also cer- 
tain indirect effects on the orientation of low forms of life. 
These were also first observed by Engelmann. When the 
supply of oxygen is cut oflf from certain chlorophyll-bearing 
organisms, they remain in that part of the spectrum in which 
assimilation t€ikes place. In water with its normal amount 
of oxygen, as Engelmann found, Stentor viridis, Bursaria, 
and the green slipper animalculse do not react to light.* If, 
however, the supply of oxygen from without is interfered 
with, "the insufficient supply can be compensated for by a 
production of oxygen by the chlorophyll granules within the 
mesoplasm." Under these conditions the animals return to 
the light side of the drop when they accidentally get into the 
shady part. When the animals are brought into a micro- 
spectrum, they collect in those regions which promote assimi- 
lation. The opposite effect takes place, however, when the 
supply of oxygen from without exceeds the normal When 
Engelmann passed a stream of pure oxygen through the 
water, the animals moved from the lighted into the shaded 
part of the drop. 

Such an indirect orientation toward light as is determined 
by assimilation is shown also in the behavior of the purple 
bacteria." These, as Engelmann found, collect in those 
regions of the spectrum which are most absorbed by the 
coloring matter of the bacteria. 

These are the most important facts which up to this time 
are known concerning the influence of light on the orienta- 
tion of animals. Thus far only the observations made on 
Infusoria are sufficient to warrant the conclusion that ani- 
mal movements depend on light in the same way as the 
movements of plants. In the rest of the animal kingdom 
either the facts necessary for this conclusion are lacking, or 
false statements and conceptions are prevalent. So far as 

1 Ibid,^ p. 387. 3 ENQELMANNf Botanische Zeitung, 1888. 
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the latter are concerned, it is wrong, as We shall see, to say 
that certain animals "are fond of the light" and seek those 
regions in space where light is most intense, while others *'are 
fond of the dark" and betake themselves to those regions 
which are darkest* In contradiction of this idea I shall 
prove that the direction of the progressive heliotropic move- 
ments of animals ie determined solely by the direction of the 
rays, no matter whether the animals move from regions in 
which light is lern intense to those in which it is more 
intense, or vice versa. 

Further than this, it is fnndamen tally wrong to say that 
an assumed ''preference for color" determines the orientation 
of animals toward rays of different refrangibilities; that, 
as Gralx^r says, the animals which "are fond of blue" *'hate 
red," and tliat those which *'are fond of red" *'hate blue*" 
In contradiction of this idea I shall prove that there are no 
animals which **are fond of" red or **hate" blue, but only 
such as move toward a source of light or away from it; and 
that these movements oceur in the same way under the 
influence of the more refrangible rays as under that of the 
less refrangible rays, only with this purely quantitative 
difference, that the more refrangible rays, as in plants, are 
much more effective than the less refrangible ones, which 
nsiially have no effect, 

I consider it inadvisable to represent the movements ob- 
served in animals as the expression of a " color preference," 
or a '* color sensation," of a *' pleasurable" or "nnpleasur- 
abli» sensation," as do most animal physiologists and zoolo- 
gists who have studied the effects of light in the animal 
kingdom, I do not pro[>os6 to base an analysis of tlie 
movements of animals on such hypothetical, anthro{)omorphic 
sensations and feelings, but on such conditions as determine 
the course of pheuomcna in inanimate nature as well Keal 
natural science began when, instead of fabulizing over thö 
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nature of gravitation, men determined accurately the details 
of the movement of falling stones, of pendulums, etc., and 
described them in the most simple and definite terms. In 
biology, especially in regard to the mechanical efiFects of 
light which concern us here, the task of the investigator can 
only be to determine and describe the circumstances upon 
which depend the movements of animals under the influ- 
ence of light. 

IV. BEMABKS ON THE METHOD OF EXPEBIMENTATION. — THE 
HELIOTBOPISM OF AN ANIMAL USUALLY BECX)MES EVIDENT 
ONLY AT A DEFINITE EPOCH IN ITS EXISTENCE. — THE 
HELIOTBOPISM OF AN ANIMAL CAN EASILY BE OBSCUBED 
BY A SPECIAL FOBM OF CONTACT-IBBITABILITY 

The facts which I have to prove are so simple that almost 
all technical apparatus can be dispensed with. If one 
attempts to demonstrate that the orientation of the animals 
is controlled by the direction of the rays of light, care must 
be taken that light falls upon the animals from only one side. 
To accomplish this it is sufficient to carry on the experiments 
in a room which is lighted from one side only. Since the 
animals with which we are dealing in this discussion are 
dorsiventral and place their median planes in the direction 
of the rays of light, progressive movements are possible in 
only two directions — either toward the source of light 
(when they will be called positively heliotropic), or away 
from the source of light (in which case they will be called 
negatively heliotropic).* 

Diffuse daylight was used as the source of light, and only 
where specially mentioned was sunlight employed. 

1 Some botanists desicrnate tho moToments of motile plant organisms toward a 
source of light as " phototactic,*' in contrast to the ** heliotropic *' movements of 
sessile plants. Since the observations of Sachs, Stahl, and W^ortmann, however, 
leave no room for doubt that the processes are identical in both cases, it seems tome 
that this separation is not justified. Otherwise a *' phototactic " animal ought to 
become "heliotropic" when its progressive movements are proventod. For this 
reason I use the same term for similar processes. (See Wobtmann, Botanische Zei- 
tung, im.) 
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Tliere are two methods by which the second fact, that only 
the more refrangible rays bring about orientation, can be 
proved, namely, by ex|>erimenting with prismatic spectra or 
with colored screens. 

All authors who have studied the behavior of plants 
behind colored screens have obtained the same result — that 
it is only, or more esfiecially, the more refrangible rays which 
are heliot Topically active. Studies on the behavior of plants 
in prismatic spectra have led to hai*monious results, in bo far 
as they confirm the gross results obtained by using colored 
screens; yet opinions differ as to the efficacy of the more 
limited portions of the si>ectnim. Since for the present I 
wish to show only that the laws governing the orientation 
of an animal toward light corresix)nd to the laws governing 
the orientation of j)lants toward the same stimulus, it was 
necessary to use as a basis the really established data of plant 
physiology^ and I therefore sball confine myself to the proof 
of the fact that the more refrangible rays of the spectrum 
are exclusively, or almost esclnsively, effective* To ilo this 
I proceeded as is usual in plant physiology. In oi-der to 
have only the less refrangible rays act on the animals, I 
passed the diffuse daylight through a solution of jxitassium 
bichromate or ruby glass; to study the influence of the more 
refrangible rays, I chose cobalt glass or an ammoniacal solu- 
tion of copper. The screens were examined spectroscopically. 
The dark- red glass which I used completely absorbed the 
more refrangible rays, and let through only the red, yellow, 
and a part of the green rays* The dark-blne glass absorbed 
the less refrangible red and yellow and a part of the green 
raySj with the exception of a small region in the outer red. 
Since, however, the heliotropic phenomena appear only 
weakly or not at all behind dark -rod glass, while they occur 
just as in diffuse daylight behind dark -blue glass, the few 
red rays which |ienetrate the dark- blue glass cannot be 
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responsible for the heliotropic phenomena which take place 
so energetically behind this screen, but can be due only to 
the activity of the more refrangible rays. 

The other external conditions which must be considered 
in heliotropic investigations are so simple that they do not 
call for any special explanations. Where they are of impor- 
tance they will be self-evident 

It is very essential^ however^ to realize that the helio- 
tropism of an animal often manifests itself clearly only dur- 
ing a definite^ often decisive^ period of its existence^ only to 
diminish again or to disappear entirely later. It was only 
by observing for weeks and months the animals described in 
this treatise, which for the most part I raised myself, that 
I have been able to establish this fact. 

The caterpillars of Porthesia chrysorrhoea, for example, 
are energetically positively heliotropic only during a certain 
period of their existence, when they have just left the coc- 
coon in which they have wintered, and have not yet taken 
food. At this time the entire existence of these animals is 
a function of the light. Under natural conditions they 
hatch out on a warm spring day. The light compels them 
to creep to the tips of the branches, where they find their 
first nourishment in the young buds. When fed they are 
still positively heliotropic, but very much less so than before. 
If anyone should examine them in this condition, he would 
scarcely pronounce them heliotropic. 

It is not, however, a certain date of the year which gov- 
erns this heliotropism ; for whenever I forced the animals to 
leave their nest (by raising the temperature), whether at the 
beginning of summer or of winter, they were indefatigable 
in their attempts at creeping toward the source of light 

Winged ants are pronouncedly dependent on light only 
at a definite period of their existence — at the time of their 
nuptial flight. The same animals which were actively helio- 
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tropic at the time of the nuptial flight were practically 
indifferent toward the light a few dajs previously. In the 
same way, later on their heliotropisra was entirely pushed 
aside again by another form of irritability, frequently 
encountered in the animal kingdom, and to which I shall 
Boon return. 

Fly larv'iö also possess very different forms of heliotropic 
irritability at different epocdis in their existence. Negative 
heliotropism is not very distinct in the newly hatched larvße; 
but the animals turn their ventral surfaces toward a suffi- 
ciently intensive source of light without otherwise being 
influenced by the direction of the rays of light. Full-grown 
larvse, however, place their median planes very sharply in the 
direction of the rays of light, provided the light is suffi- 
ciently intense, I believe that this periodic ap(>earance of 
heliotropic irritability plays a great role in the ecology of 
animals. The periodic migrations of many animals, such as 
birds of passage, might be e^iplained in this way. 

It is a well-known fact that the irritability of an animal 
in the larval stage may be entirely opposite in kind to that 
of the adult stage. This phenomenon is very common. The 
larva of the fly is negatively heliotropic, while the imago is 
positively heliotropic; this is also the case with June-bugs 
and many other animals, I encountered this inversion of 
the sense of heliotropism when the animal changed from 
the larval stage to the mature state so frequently that 
for a time I thought it a universal rule. Such, however, is 
not the case. Caterpillars, for example, behave toward light 
as does the imago, m I know from my own experience and 
from what I can find on the subjoct in the literature. 

The behavior of an animal is determined by the sum 
of all the forms of its irritability. The heliotropic irrita- 
bility, therefore, may be ohscnred by a more powerful irrita- 
bility of another sort. This is often due to a special kind 
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of contact-irritability, which, so far as I know, has not yet 
been recognized. Many insects are compelled to bring their 
bodies in contact with the surfaces of solid bodies in a very 
definite way. My attention was called to this phenomenon 
in my experiments on animal geotropism, in which I allowed 
the animals to move about on geometrically simple bodies 
bounded by plane surfaces. I noticed that the animals 
rarely remained on the plane surfaces, but collected about 
the edges, particularly the vertical ones. It is worthy of note 
that certain animals always seek the concavity of the angle 
between the sides of hollow cubes^ while others just as con- 
stantly move on the convex side. The caterpillar of Por- 
thesia chrysorrhoea is an example of the latter type. The 
other form of this contact-irritability, which leads the ani- 
mals to the concavity of the angles, is very common. The 
following observations show how this form of irritability 
might easily be confused with the irritability toward light, 
and so lead to a misconception of the behavior of the animal 
toward light. 

I studied for several weeks a large number of moths of 
the species Amphipyra. The animals are remarkable in 
that they are more given to running than to flying. The 
rapidity of their running movements calls to mind the lively 
movements of cockroaches and ants. While formerly I had 
found that all butterflies are positively heliotropic, I observed 
that AmphipyrsB when let loose, did not fly to the window, 
but to the nearest wall or to the floor, where they ran about 
nimbly and crept under the first suitable object, like cock- 
roaches. This looked as though the animals fled from the 
source of light. Yet it could be shown that the animals 
move toward a source of lights and that the inclination to 
creep into crevices depends upon the contact-irritability, which 
was mentioned before. The following experiments always 
succeeded : In the evening, when a lamp was brought into 
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the neighborhood of a box containing the animals, those 
which reacted at all always flew with great violence to the 
side of the vessd which waß turned towurd the light. In no 
case did they fly in the opposite dirf*ction. The experiment 
was unequivocal and could be interpreted in but one way. 
So far as the contact-Irritability is concerned, the animals 
collected in the four concave vertical edges when kept in a 
cubical wooden box, which was covered on top with window 
glass. In this position they assumed an indifferent orienta- 
tion toward the source of light. To make perfectly sure of 
this fact, I employed the following method: I placed a 
plate of window glass so close to and parallel with the plane 
of the floor of the vessel containiug the animals that they 
could just wedge themselves in between the floor and the 
window glass. The glass plate was entirely exposed to the 
light. Those animals which by chance came to the edge of 
the glass plate crept under it, and remained in this position 
exposed to the light, in contact, however, both above and 
below with solid bodies. On the next day all the animals 
were under the glass plate. The animals are therefore forced 
to bring their bodies in contact with other solid liodies, and 
it is this (and not the light) which causes them to creep 
under solid bodies, I placed a ball of paper in the vessel 
containing the animals ; a i>art of them crept under the paper 
and a part into its folds. In nature these butterflies remain 
in the clefts on the bark of trees or on the ground in mead- 
ows. 

Forficula auricularia are found in great numbers in verti- 
cal crevices (such, e, g,^ as the sjiaces between gate and gate- 
post, in the entrance to gardens), I obtained the animals 
for my exjieriments by hanging a cloth of cotton on the top 
of a smalt grajie vine. The animals collected in. the folds of 
the cloth, The.se animals in reality move away from the 
light ; that is to say, they are negatively heliotropic ; but it 
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would be wrong to attribute their tendency to creep into the 
folds of the cloth to their negative heliotropism. When I 
experimented on these animals with the glass plate, I found 
that they wedged themselves under it, and remained there 
exposed to broad daylight, rather than creep away from it. 
Inside of a box the animals collected in the concave edges ; 
and it was very noticeable that the animals rarely ran over 
the free surfaces, but nearly always along the edges, as if it 
were ever necessary for them to have their sides in contact 
with solid bodies. 

I believe that this form of contact-irritability is identical 
with the important phenomenon, observed by J. Dewitz,* 
that spermatozoa are compelled to turn a certain side of their 
bodies toward solid bodies. Because of this contact-irrita- 
bility a spermatozoon is never able to leave a cover-glass or 
a glass slide when once it comes in contact with it. I have 
observed the same phenomena in hypotrichal Infusoria. 
These always turn one side of their bodies, the ventral, 
toward solid bodies. They further resemble the spermatozoa 
observed by Dewitz in that they alter the direction of their 
movement always in the same sense, so that on the cover- 
glass of a microscopical preparation are found only Infu- 
soria which move in one direction, while on the glass slide 
they seem to move in the opposite direction. 

In order to distinguish this form of contact-irritability 
from other forms of contact-irritability (such as the rolling up 
or progressive or retrogressive movements when touched), I 
shall call the peculiarity, possessed by some animals, of 
orienting their bodies in a definite way toward the surface 
of other solid bodies, sfereotrojnsm. 

The co-operation of other forms of animal irritability with 
heliotropism is so simple as to be self-explanatory wherever 
we may encounter it in our experiments. 

1 J. Dewitz, Pflügcra Archiv, Vol. XXXVIII (1886). 
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V. THE POSITIVE HELIOTBOPISM OF THE CATEEPILLAES OF 
POfiTHEöIA CHEYSOREHffiA 

I will enumerate the ob6ervations which ehow the identity 
of animal and plant heliotropism in the caterpillars of Por- 
thesia ehrysorrho&a* I shall mention only such experiments 
as in tny experience were always successful under the given 
conditions, and which may be taken as the prototypt^ of the 
experiments made u[X)n all the animals treated of in this 
discussion, 

1* The direetion of the progressire movement in animals 
is determined by the directum o/ the Vftys of light. — -I placed 
a large number — about a hundred speeimena of the small 
gregarious caterpillars of Porthesia chrysorrlioea which had 
just crept out of the web in which they had jMSsed the win- 
ter — into a test'tube. They had not fed as yet, and in this 
hungry condition they were exi)08ed to the light The tem- 
perature of the room was necessarily moro than 12^-15*' C-, 
as otherwise they would have crowded together and fallen 
asleep again ^a state in which they react neither to light 
nur to gravity. 

Experiment L — If the test-tube is laid on a dark table j 
so that the longitudinal axis of the tube is perpendicular to 
the plane of the window, the animals, which are at first scat- 
tered about irregularly, all assume the same orientation. 
Thei/ ereep to the upper portion of the ieBt-tubet turn their 
heads toward the window, and with their ventral surfaces and 
their heads turned toward the light creep in a straight line 
toward the window side of the test-tube. The process 
requires from one to five minutes, according to the tempera- 
ture and the condition of the hibernated animals. All with- 
out exception J provided they are not sickly, move in the 
direction of the rays of light to the window side of the test- 
tube. If the tube is turned about an angle of 180^, the 
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process is repeated, the animals creeping to the window side 
of the glass just as before. If, however, the position of the 
glass remains uachanged, the animals remain permanently 
crowded together on the window side of the test-tube. 

Experiment 2. — If the test-tube is laid on the table with 
the longitudinal cuds parallel to the 

plane of the window, the animals * ' 

gradually scatter uniformly over the 
whole of the upper part of the tube. 
The lower portion of the vessel is in 
consequence again free from animals. 
If the longitudinal axis of the test- 
tube lies at even a slight angle with 
the plane of the window, the animals 
move to the end of the tube nearest 
the windoWy and remain there in their fig. i 

customary position. 

Experiment 3. — The test-tube is placed perpendicular to 
the plane J^ of the window, and at the beginning of the 
experiment the animals are collected at the window side B 
of the test-tube (Fig. 1). That half of the vessel which lies 
nearest the window is now covered with an opaque paste- 
board box, K. The following then occurs: The animals 
soon appear at A on the room side of the pasteboard box ; 
as soon, however, as they emerge from the box K into Ay 
they turn about, direct their heads toward the window, move 
to the edge of the pasteboard, and remain at the boundary 
between the covered and the uncovered portions of the tube, 
at A and especially at the top of the test-tube. The remark- 
able thing is that they are not distributed evenly over the 
whole brightly illuminated part of the test-tube. The 
explanation is as follows : As soon as the animals near the 
window at B are covered by the pasteboard, the weak rays 
of light reflected from the walls of the room fall upon them. 
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Thtj animals follow the path of these rays and arrive at the 
uncovered portion of the tube. As soon, however, as the 
strong rays of diffuse light fall tifKin them at A^ they turn 
about and direct their ht^ads toward the window, until they 
come again under the pastelxiard which shuts out the diffuse 
light. They are then again attracted by the light of the 
rooai, and so on, until they come to rest at the boundary 
between the two regiona at A, 

At the beginning of the experiment, before the animals 
stop moving it can really be seen that they are driven around 
in a narrow circle. 

If at the beginning of the experiment the animals are 
collected, not on the window side, but on the room side of 
the test-tube at C, they move toward the window until they 
reach the pasteboard at A, If thetube is pulled away from 
the window for some distance, while the pasteboard remains 
stationary, the animals begin to move, until thpy reach the 
edge of the pasteboard. 

If the tube ie plnced horizontally with the longitudinal 
axis parallel to the window, the animals distribute themselves 
over the whole length of that portion of the tube which is 
not covered by the pasteboard, collecting, however, always 
on the window side of the tiil>e. 

According to the prevailing views of zoologists and ani- 
mal physiologists, the movement of caterpillars towartl the 
liglit is determined by the animals' "fondness for light*' 
They, therefore, move from a region of less intense light to 
one of greater intensity. That the essential feature, how- 
ever, is the direction of the raySj and not a diiference in 
their intensity,^ is evident from the following experimental 

Experiment 4, — The animals are in a glass cylinder a, 
some 3cm. in diameter* Light can enter it from all sides 
(Fig. 2). The inside of a second test-tube 6, which has the 

t In different n^tU of Ih« tut». [1909] 
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same diameter, is covered with dull black paper, except for 
a strip about 2 mm. wide. The two test-tubes are placed 
together on a table so that their longitudinal axes lie per- 
pendicular to the plane Fot the window, and the transparent 
side cd of the glass b is turned up; the animals move along 

the illuminated side cd from a to 6, with- 

' fi If 

out stopping at the boundary between 
them, until they reach the window side c 
of the cylinder. The total amount of 
light which strikes a caterpillar in the 
glass 6, however, is less than in the glass a, 
since all lateral rays are cut ofiF in the 
former and the animal is struck by rays 
of light only on its ventral side; in test- 
tube a light falls upon the animals from 



c 

D 



all sides, though the rays from above and 
in front are of course the most intense. The animals there- 
fore move toward the source of light in the direction of the 
rays of lights even if by so doing — to judge from human 
sensations — they are led fratn a ^'brighV^ to a ^^dark^'* 
place. 

In such an experiment no animals are found, as a rule, 
scattered over the rest of the surface of the glass 6. If 
both glasses are turned around so that a is nearest the 
window side, the animals of course again move from b to a. 

The experiments described here were carried on in difiFuse 
daylight. In sunlight, however, the results are the same as 
in diffuse daylight. When the glass is placed with the 
longitudinal axis in the direction of the rays, the animals 
move in the direction of the rays toward the sun and collect 
at the end of the glass which is turned toward the sun, even 
though in their hungry state they cannot bear the high tem- 
perature. When the test-tube is placed with the longitudinal 
axis perpendicular to the rays, the animals scatter over the 
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whole length of the tube, remaining, however, njion its sonny 

side. Orientation takes place more quickly in direct sun- 
light than in diffuse daylight. 

Experiment 5.- — A small pencil SS of direct sunlight is 
allowed to fall on a table obliquely to the plane of the win- 
dow through the window F (Fig* 
3). Rays of diffuse daylight fall 
upon the remaining f)ortions of 
the table. If at the beginning of 
this exi:)eriment all the animals 
are at the end a of the test-ttil>e 
— which is so placed on the table 
that a is in direct sunlight» while 
the other half b is in diffuse day- 
light, and is nearer to the plane 
of the window than a — the fol- 




lowing occurs: 

The animals move from a 
through the pencil of direct sunlight into h, which lies in 
the diffuse daylight, where they remain at the cup of the 
test-tube. They pass from the direct sunlight into dif- 
fuse daylight without even attempting to return into the 
sunlight. 

This ex|)eriment can be explained only by the assumption 
thai Urn orient ai ion of the animah is defer niinml bff the 
direction of the ra^s. The animal can and must follow 
the raißs of diffuse light trhieh have ihe direction b-*€u 
If, as is customary with zoologists, we believed that these 
animals love the light— or, more correctly, that they prefer 
the more intense light— it would lie impossible to see why 
they do not remain in the direct sunlight, or at least why 
they do not hesitate to go into the diffuse light. 

From tthfit has been said, no one^ I b<'lieve^ will doubt 
that the direciion of the progressive movements of the cater* 
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pillars of Porthesia chrysorrhcea is defermined by fhe 
direction of the rays of light, and not by differences in the 
intensity of the light in different parts of space. Positively 
heliotropic animals are compelled to turn their oral pole 
toward the source of light and to move in the direction of 
the rays toward this source. 

2. Tfie dependence of orientation on the refrangibility 
of the rays. — I shall now show that it is the more refrangible 
rays of the visible spectrum which are chiefly concerned in 
bringing about the orientation of the caterpillars of Por- 
thesia chrysorrhoea. 

Experiment 1, — If we place the test-tube on a table and 
cover it with a box of dark-blue glass, the animals behave as 
if the vessel were uncovered. Without exception, they move 
in a straight line to the window side of the vessel and remain 
there. If instead of blue glass we use red, which to our 
eyes seems much brighter than blue glass, no change occurs 
in the orientation of the animals at first; after a long time, 
however, the animals collect under the red glass on the win- 
dow side of the vessel. In direct sunlight, however, orienta- 
tion takes place more quickly. Exactly the same phenomena 
are observed if an ammoniacal solution of copper is sub- 
stituted for the blue glass, or a solution of potassium 
bichromate for the ruby glass. This is also true in the 
following experiments, where I may not always call special 
attention to it. This experiment shows (1) that the more 
refrangible rays have the same effect as mixed rays, and 
(2) that the less refrangible rays bring about movements in 
the same way as the more refrangible ones, only their effect 
is less intense. The experiment also proves that it is wrong 
to say, as do the anthropomorphists, that the animals "are 
fond of" blue and "hate" red; for, were this true, the 
animals should have been forced to move to the room side 
of the test-tube when under the red glass, yet they moved 
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toward the window. The animals neither *'are fond of" 
blue nor '*hate" red^ bnt they are like plants, simply 
posit ively heliotropie, and the blue rays are more effective 
hello tropically than the red. There is^ as I shall state 
here once for all, no difference in direction between the 
movementa called forth by blue light and red light; there 
IB only a diffei^nce in the velocity and precision with which 
these hello tropic movements take place. 

Experiment 2.— The longitudinal axis of the test-tube is 
again perpendicular to the plane of the window. The small 
cnterpillars are at the beginning of the experiment on the 
room side of the tube. The window half of the test-tube is 
covered with dark-blue glass* The experiment goes on as if 
the tube were nncovered; the animals move to the window 
side of the test-tube», where they remain under the blue 
cover. If the same experiment is repeated, only so that the 
blue cover is placed over the room side of the test-tube, the 
animals again move to the window, where they remain. The 
exj*erinient proves that the more refrangible rays alone have 
the same effect as mixed light ; and the fact that the animals 
leave the uncovered i>ortions of the test-tube to creep under 
the dark-blue cover corroborates what has already been said, 
that jx>sitively heliotropic animals move in the direction of 
the rays of light even when in bo doing they [>ass from a 
place of greater intensity of light to one of less intensity, 

Experimenl i^.^The test-tube again lies horizontally, 
with its longitudinal axis per|jendicnlar to the window. At 
the beginning of the experiment the animals are on the 
window side of the test-tube. If the window half uf the 
tube is covered with red glass (which may seem much 
brighter to us than the blue glass of the previous experi- 
ment), immediately after the red glass has been placed over 
the animals they appear on the room side of it, and coUt'ct 
at ike boumlary bei ween the covered and uncovered parts of 
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the tube. If at the beginning of the experiment the animals 
were on the room side of the test-tube, they move until they 
reach this boundary. 

We therefore get the same results by using red glass 
that we got by using opaque pasteboard in a previous 
experiment. Taken together with the preceding ones, this 
experiment proves that pre-eminently the more refrangible 
rays of mixed daylight are heliotropically effective. Although, 
as we have just ^een, the rays passing through red glass or a 
red solution are not absolutely ineffective, yet the weak light 
which is reflected from the walls of the room, and which 
contains some blue rays, is more effective than the diffused 
light reflected from the sky after it is filtered through red 
glass. It is for this reason that the animals on the window 
side under the red cover migrate to the boundary of the red 
screen where they are held by the rays of diffuse daylight. 

Experiment 4. — If, as before, we place the test-tube with 
the longitudinal axis perpendicular to the window, and cover 
it with red glass on the window side and with blue glass on 
the room side, the animals collect under the blue glass at its 
boundary with the red glass. 

Experiment 5. — If we place the test-tube with its longi- 
tudinal axis parallel to the window, the animals scatter over 
the whole length of that part of the tube which is covered by 
blue glasa 

From all these experiments it follows that it is chiefly the 
more refrangible rays which determine the orientation of 
the caterpillars of Porthesia chrysorrhcra toward light. 

The only difference between the heliotropism of these 
animals and the heliotropism of plants is this, that the less 
refrangible rays are not so completely ineffective in the 
case of the caterpillars of Porthesia chrysorrhoca as they 
apparently are in many plants. This point must, however, 
be studied more accurately with the aid of a si)ectrum. 
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3. The dependence of the örieniafion on the intensity of 
iJw rays of light — It is a peculiarity of all animal as well as 
plant structures that only external stimuli of a certain inten- 
sity can call forth reactions. It can easily be shown that at 
the approach of twilight there comes a time when the rays of 
di£fuse daylight coming through a window no longer attract 
caterpillars of Porthesia ehrj^sorrhoea. 

If the animals are between two sources of light of differ- 
ent intensities, that having the greater intensity is the more 
effective. This can easily be shown by bringing the animals 
into a room into which light enters from opposite directions. 
Other conditions being the same, the animals move to the 
window nearest them. A maximum limit for the intensity 
of the light cannot be established, as direct sunlight is in 
itself effective. Artificial sources of light above a certain 
intensity and containing the more refrangible rays affect the 
animals in the same manner as the natural sources of light. 
In a dark room caterpillars are attracted by a kerosene flame 
as markedly as moths ; the caterpillars, however, are not 
burned, because they move so slowly that they have time to 
turn back before the zone of fatal temt>erature is reached. 
Such animals as are attracted by direct sunlight may also be 
attracted by the candle flame, exactly as is the case in posi- 
tively heliotropic plants. 

4. At a constant intens if if liffht acts eis a continuous 
sotirce of stimulation . — If the teöt-tul:>e which is placed with 
its longitudinal axis perpendicular to the window is left 
undisturbed, the animals remain [permanently on the side 
nearest the window. Under these conditions we can also 
safely oi>cn the room side of the vessel withont a single 
animal changing its ]x>sition or escaping from its cage* It is 
remarkable, however, that when the test-tube has been left 
undisturbed all day, the animals keep their position during 
the night. In this way I have kept animals for several days 
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in a test-tube open on the room side ; but when I turned the 
vessel through an angle of 180° m the daytime^ hardly two 
minutes elapsed before all the animals had moved to the 
open end of the vessel which was now turned toward the 
window. Under these conditions they of course escaped 
from the test-tube. A position which the animals have 
assumed under the influence of light is usually not changed 
when the light is removed, unless some other stimulus comes 
into play. 

5. On negative geotropism and contact-irritahilUy in the 
caterpillars of Porthesia chrysorrhoea. — The reader may 
perhaps have noticed that in all of these experiments on 
caterpillars the test-tubes were always placed with their 
longitudinal axes horizontal. This was due to the fact that 
the animals behave like plant structures, not only in regard 
to their heliotropic, but also in regard to their geotropic, 
irritability. Just as is frequently the case in positively 
heliotropic plants, we find that the caterpillars are also nega- 
tively geotropic ; that is, they are compelled by gravity to 
creep vertically upward until they come to rest in the highest 
part of the test-tube. These experiments were made in a 
dark room, with the long axis of the test-tube in a verti- 
cal direction. If the test-tube is inverted, the animals again 
creep to the top ; if left undisturbed, the animals remain in 
the uppermost regions of the test-tube. It is necessary in 
these experiments, as in those on heliotropism, to have the 
temperature of the room at least 15°, preferably as high as 
20-22°. It is simplest to put the test-tube in one's pocket 
with its longitudinal axis vertical. In a few minutes the 
animals are found at the highest point in the tube. An 
increase in temperature increases the geotropic irritability 
of the animals. 

It must now seem questiouable whether in our former 
discussion of the heliotropism of these animals we were 
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justified m taking as the effect of light the movements of 
the animals to the top of the test-tube ; it might, indeed, be 
a geotropic phenomenon. To decide this the finimals were 
placed in a test-tube which was liüed with thick black paper 
except for a strip 2 mm. wide. The tmcoTered strip was 
turned downward, so that light could enter the vessel only 
from below. Diffuse daylight was reflected througli the slit 
from below by means of a mirror. The auimals collected in 
the lower, lighted portion of the glass vessel Their helio- 
tropism is therefore more powerful than their geotropism, 
even when only weak tUffuso daylight is used. 

The geotropic experiments succeed only when the animals 
have been in the light for some time and have not yet come 
to rest. WTien the animals are kept in the dark for a long 
time and the test'tul>e is not disturbed, they do not creep 
upward. The orienting effect of the light always exceeds 
that of gravity. The effects of gravity, like the effects of 
light, usually appear only during certain |)eriods in the life 
of the animals; at any rate, thoy cannot always be demon- 
strated with certainty. 

The contact-irritability of the caterpillars of Porthesia 
chrysorrhcea shows itself by the way in which the animals 
remain in the comers and convex sides of solid bodies. I 
<x)vered the boxes in which I cultivated my caterpillars with 
large, square glass plates. These did not close the box 
tightly, so that the animals could creep out and creep ujkjii 
the glass plates. Only rarely, however, were they found on 
the free surface of the plates. The animals moved along the 
rough edges of the plate until they reached the window side 
of the dish. I confirmed this observation almost daily for 
months. When I placed the auimals upon the outside of a 
cubical block, they collected by hundreds in one of the 
upper corners. Of course, only a few have room in the 
comer ItBelf, but^ as is generally the case with these ani- 




Heliotbopisbc Of Animals 35 

mals, when a few have collected in a spot the others on 
arriving hold fast to the sides of those already there. An 
animal at rest acts upon a creeping one as a convex edge. 
On the other hand^ I have never observed that the animals 
within the cubical box collect on concave edges. From this 
it follows that the friction of gliding over the convex comers 
is the source of the stimulation which compels the animal to 
come to rest there ; in moving over the concave comers this 
friction, of course, does not take place. 

These three forms of irritability control mainly the daily 
life of the animals. We find them in great numbers in 
fruit trees and bushes, where they pass the winter in their 
nests ; as soon as the warm weather comes, they leave their 
nests. Positive heliotropism and negative geotropism com- 
pel them to creep upward to the tips of branches, and contact- 
irritability holds them fast on the small buds. We can 
easily show that neither smell nor a special mystical 
''instinct" leads the animals to the buds, as we are able to 
compel them by the aid of light to starve in close proximity 
to food. The animals move to the window side or to the 
top of a test-tube in which they are kept. If then a branch 
covered with buds is pushed into the test-tube on the room 
side, the animals nevertheless remain where light and gravi- 
tation have compelled them to go and are holding them. If, 
however, they once are on the buds, the latter act as a 
stimulus which may be even stronger than the light. It is 
in such a case impossible to draw the animals away from the 
food by means of light. 

All these forms of irritability can best be demonstrated 
on animals which have just left the nest in which they have 
spent the winter, and which have not yet eaten anything. 
As soon as they have eaten and are about to moult, their 
irritability decreases, and at the time of moulting it is almost 
impossible to show any effect of light or gravity upon them. 
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G> The effect of temjn^raiure on the caferpilkirs of For- 
ihesia chrysorrhtveL — The caterpillars of Porthesia chry- 
ßorrhcEa behave towaixl a source of beat in a manner opposite 
to that in wbich tbey behave toward light; they move away 
from the soxirce of heat. If the animals contained in an 
opaque vessel are brought in the neighborhood of a hot 
stove, they leave the side of the vessel which is nearest the 
stove* Yet the heat does not conip(4 the animals to wore 
in a straitjht Une^ as theij do when sfruek htf the wore 
rrfnmgMe rays of light. This directing effect of the more 
refrangible rays of the visible spectnim is greater than that 
of the dark heat rays. In this way it is (»ssible for the 
sEme animal which flees from the source of the dark rays of 
heat nevertheless to move in the direction of the sun's rays 
to the sunny side of a vessel. 

It is a well-known fact thai irritability in a tissue is a 
function of the temperature. I have already mentioned that 
at a temperature of less than 13^ C. the animals are no longer 
affected by light. It can be show^ tljat heliotropic irrita- 
bility increases with an increase in temperature. If the 
animals are kept during the day in a room ha%^ng a tem- 
perature of about 18 \ it is found that they nu longer resjjond 
to light when beyond a certain distance from the window. 
If, however, the temperature of the test-tube is increased a 
few degrees, the animals move the more quickly to the win- 
dow side of the tube the higher the temperature* It can 
easily be demonstrated that the orientation takes place more 
rapidly, and that the direction of the progressive movements 
coincides more nearly with the dirtMjtion of the rays of light, 
whenever the temperature is raised. If, however, the tern- 
pe rat are is increased to 30"^ or over, the animak become very 
restless; they raise the anterior ends of their Ixxlies higher 
than is usual in their movement, and so decrease the velocity 
of their progressive movements* The most suitable tern- 
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peratnre for demonstrating their heliotropic activity lies 
between 20° and 30°. 

The experiments on the caterpillars of Porthesia chry- 
sorrhoea are typical. I have repeated them on some hundred 
species of insects, but I have never found a positively 
heliotropic insect whose dependence upon light was of a 
different kind from that found in Chrysorrhoea. This 
fact has given me the impression that all animal proto- 
plasm, as perhaps all plant protoplasm, is heliotropically 
irritable, and that where this is apparently not the case 
the heliotropic reaction is inhibited, either temporarily or 
permanently, by other causes. For this reason it would 
be useless to publish here every single experiment I have 
made. This would result in repeating each time the same 
phenomena, only under the name of a different insect. 
Since there are only negatively and positively heliotropic 
animals, it would be of secondary interest to know to which 
of the two classes the individual animals belong. But I 
believe it necessary to show by concrete examples what part 
heliotropism plays in the habits and ecology of animals. 

VI. THE POSITIVE HELIOTKOPISM AND THE SLEEP OF 
BUTTERFLIES 

Our knowledge of the behavior of butterflies toward 
light has, on the whole, remained at that point which is 
marked by the statement of Reaumur that "it is a singular 
fact that those butterflies which shun the daylight are pre- 
cisely those which fly into lighted chambers." The paradox 
has not yet been explained why those butterflies which are 
not to be seen by day fly into the flame at night, while the 
day butterflies apparently do not possess the tragic "instinct" 
of the night Lepidoptera. There is no lack of conjecture 
on this point. Eomanes believes that the lamp is a "strange 
object" to the moths, and that "the desire to examine this 
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strange object'^ drives the nioths into the flame. We find, 
however, that the caterpillars of Porthesia chryßorrhoea 
creep as well toward the sun as toward a lamp. Yet, 
according ta Romanes, the sun ought to be a familiar ob- 
ject to these animals. Such anthropomorphic opinions as 
those of Romanes are evidently as useless in the analysis 
of life-phenomena as the s|>eculation8 of meta|>hyj^jcians — 
e* g., Hegers — on physical phenomena, A scientific analysis 
of the behavior of moths toward light leads to a very simple 
explanation of the paradox. 

Ejtperimeni 1, — Specimens of Sphinx eupborbiro, Bom- 
byx ianestris, and other moths are kept in a large glass box. 
The box is placed in a room into which only daylight and no 
artificial light enters. As soon as the animals begin to 
fly, at the approach of twilight or later, they collect at the 
window side of their boxes. Whenever the box is reversed 
the animals fly back to the window side. This exfjeriment 
is rendered more complete by the following observations; 

I kept the pupie of moths in an oj^en box» Most of 
the moths hatched at night. On the following morning I 
always found them coUecti'd at the closed window of the 
room. Here they remaincnl all day exposed to the light. 
Finally, when I caused the moths to fly by day, I noticed 
that they flew to the window as do all other positively 
heliotropic insects* These experiments show that the 
animals are attracted, not only by a lamp, but also by 
diffuse datf light. They also show that K^aiimnr's idea that 
moths shun daylight is wrong. The experiments indicate 
that the animals are [positively heliotropic toward diffuse 
daylight, although, as we shall soon see, this positive helio- 
tropism may during the dfujUme be obscured by another 
form of irritability. 

Ejrperimrnt 2.—1 brought some specimens of Sphinx 
euphorbite into a room wliicb had a window only on one 
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side. On the wall of the room opposite the window I placed 
a kerosene lamp. At the approach of twilight, when the 
animals began to fly abont, I brought them into the middle 
of the room, so that they were equidistant from the lamp 
and the window, and left them alone. They flew to the 
window. Yet, when I brought them into the immediate 
neighborhood (within about a meter) of the lamp, they flew 
into the flame. I repeated this experiment and convinced 
myself that they always flew to one of the two sources of 
light, either the window or the lamp ; to the latter, however, 
only when they were in its immediate neighborhood. 

This experiment shows that the animals do not even pre- 
fer artificial to the natural light, but that the artificial light 
attracts them only when its intensity is greater than that of 
the diffuse daylight, which is the case at night when the 
animals are within a certain distance of the lamp, varying 
with the intensity of the flame. The heliotropic sphere of 
attraction of an electric arc light is therefore larger than 
that of a candle flame, and the number of moths attracted by 
it correspondingly greater. 

Experiment 3. — It must yet be proved that it is chiefly 
only the more refrangible rays of light which determine the 
movements of the moths. I studied the behavior of Sphinx 
euphorbiflB, which began to fly at about 9 o'clock in the 
evening. 

The animals were contained in a large box, 40 cm. long, 
the upper wall of which was of glass. Whenever I turned 
the box the animals at once flew to the window side and 
crowded against the upper glass wall through which the light 
came. When I placed a red glass over the window side of 
the box, the animals at once flew to the room side. They 
collected at the edge of the red glass, but on the room side 
of it, where they were not covered by it. Here they 
attempted to fly upward. When I used blue glass instead of 
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red, they flew under it. to tbe window side of the box* At 
fifteen minutes past 9 o'clock thej came to rest and no longer 
reacted to light. When exi^osed to daylight on the follow- 
ing day, they did not stir, and made no attempt to creep away 
from the light, although eijJScient opfportunity was offered. 

I repeatedly established the fact that the movements of 
night butterflies are determined by the more refrangible rays 
of the spectrum on other stJecimena of Sphinx euphorbi^e. 
It was therefore not to be expected that in lamplight any 
other than the more refrangible rays would bring about 
movements, I have convinced myself that the moths of 
Greometra piniaria are readily attracted by the light of a 
lamp when behind blue glass, but not when behind red glass. 

The night butterflies, therefore, shun neither diffuse nor 
intense light, nor do they prefer artificial light to diffuse 
daylight; the correct expression of the facts is rather this, 
that most species react to h't/ht ottlt^ a I nitjhi, when they are 
jioßitively heliotropic like the day Lepidoptera» We find in 
butterflies periodic vurtaium in irritahiltf/ß (as in lufunj 
plants), and these variations correspond to the changes of 
daff find night. As certain flowers open their calices only by 
night, while others open tlieirs by day, so certain butterflies 
fly only by day, while others fly only by night. Both classes 
of bntterfiies, however, are positively heliotropic ; and it 
seems as if the irritability of the night butterflies toward 
light is not less, but even greater, than that of the day but- 
terflies ; for the intensity of the light which causes heliotropic 
phenomena in moths is apparently much less than the mini- 
mal intensity which stimulates day butterflies to heliotropic 
movements, 

The phenomena of sleep in butterflies are perhaps more 
complex than the corres|x>iiding phenomena in plants. One 
thing is, however, certain — -that the periodicity of the ntx;- 
turnal movements of butterflies does not change during the 
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first two or three days if the animals are kept in the dark. 
Under these circumstances the moths become restless at the 
usnal time. R^umur showed that moths begin to fly in the 
evening when kept in a box. I must leave it undecided for 
the present whether this periodicity finally disappears if the 
animals are kept still longer in the dark. I have tried 
repeatedly to cause Sphinx euphorbisB to fly in the daytime 
by a sudden diminution in the intensity of the light. When 
I protected the animals from all jarring I never succeeded 
between 6 and 12 o^clock in the morning. Yet I was easily 
successful in the afternoon, long before the beginning of 
twilight. I will cite here several of my experiments. One 
morning I placed a Sphinx euphorbise, which had begun to 
fly at 9 o'clock on the previous evening, on the window cur- 
tain, where it remained quietly. At 2:45 I returned it to its 
glass box, which stood in a dark comer and into which light 
fell only through a narrow slit. An hour went by, but the 
animal did not leave its place. It then moved to the light 
side of the box, without flying. I carried the animal back to 
the window, where it remained quietly. After twenty min- 
utes I returned it again to the dark box. Half an hour later, 
at half-past 4, it finally began to fly. 

The next day I allowed it to remain at rest near the win- 
dow, and it did not begin to fly until 9 P. M. at well-advanced 
twilight. On the following day I kept it in the dark box, 
and at half-past 3 in the afternoon it had already begun to 
fly. At noon on the succeeding day a heavy storm came up 
and it grew quite dark. The moth, which until then had 
remained quietly at the window, began to fly. I have had 
the same experience with other examples of this species. 
These facts seem to indicate that it is possible to influence 
the time of waking of Sphinx euphorbij© by diminishing the 
intensity of the light, but only when they would soon wake 
up without artificial interference. 
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The day butterflies are positively heliotropic like the night 
butterflies. The only striking feature is that in certain day 
butterflies the intensity of the light must be very great to 
bring about heliotropic movements. Specimens of Papiiio 
maehaou (which I had raised) remained at rest during the 
day at a window where they were exposed to the diff'use day- 
light and could be carried around on the finger; as soon, 
however, as they were brought into direct sunlight, they flew 
toward the window in the direction of the rays of light, 
and this with such force that they dropped down as if stunned. 
In direct sunlight they pressed themselves closely against 
the window pane. In diffuse daylight the animals, if they 
moved at all, crept toward the source of light; but in direct 
sunlight they flew toward it. My attempts to attract Papiiio 
maehaou by the weak light of a kerosene lamp were unsuc- 
cessful. 

I will add at this point my general observations on the 
caterpillars of butterflies. I have not found these periodic 
variations in heliotropic irritability in most caterpillars, not 
even those of Sphinx euphorbiae. The cater pUlars which 
I studied reacted to light at all times of the day and night. 
The Cfä(*rpt'Uars agref\ koweve7\ with the daf/ and tiiijht 
butferjltes in so far as they are all^ without e^ception^ 
poB itivelii he I lo trap ic- 

This positive heliotropism is most marked in the cater- 
pillar of the willow-borer, which lives in the stems of the 
willow where it is not at all exposed to light* Such cases 
are also known in plantsL Roots, for instance, are helio- 
tropically irritable, and yet, as Sachs points out, under nor- 
mal conditions their heliotropism is of no use to them. 
They can certainly not have acquired it through natural 
selection. According to the Darwinian theory, we would 
ex|>ect that the caterpillars of willow-ljorcrs should be nega- 
tively heliotropic, or at lea:st indilferent to light. But the 
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behavior of an animal is merely the resultant of all its 
farms of irritability, and so it may happen that an animal 
is positively heliotropic even when it has no opportunity to 
make use of it. The larv» of many saw-flies behave just as 
the caterpillars of Lepidoptera. I have made observations 
on the larvflB of Nematus ventricosus, which are exactly like 
those on Porthesia chrysorrhcea, which have been described. 

I have not yet succeeded in demonstrating a heliotropic 
reaction to di£Fuse light in the indigenous pupae. Wilhelm 
Müller, however, has observed eflfects of light in South 
American species.* The pupae can move at three jointa 
Only a lateral movement to the right and left is possible in 
some of the species; in other species only a dorsal move- 
ment of the body is possible ; in a third species of pupae a 
combination of both kinds of movements is possible. Müller 
observed that all three classes of movements can be brought 
about under the influence of light. He found that some 
pupae turned not only away from the light, but also toward 
it. He also found that when the animals had been exposed 
to the dark for some time, they "needed some time to become 
susceptible again to the influence of light." In interpreting 
the phenomena Müller follows the Darwinian idea, so that 
the thought never occurs to him that he might be dealing 
with phenomena similar to the heliotropic phenomena of 
plants. 

The negative geotropism of the Lepidoptera. — The 
movements of very young or recently hatched animals have 
for the most part been misunderstood, because they have 
always been considered a function of mysterious "instincts" 
of the animals, while the direction of their motions is in 
reality determined by definite external forces. The same 
cause which prescribes the course of a falling stone or deter- 
mines the orbits of planets, namely gravitation, determines 

1 MOllkb, Zoologische Jahrbücher, Vol. I (1886), pp. 568 ff. 
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also the path which a butterfly follows that hag just emerged 
from the pupa case. The geotropic irritability is at that time 
L^specially strong; the newly hatched animals remain restless, 
and are compelled to run alxmt until they come to a vertical 
wall, on which they can jiut the longitudinal axes of their 
bodies vertically, with their heads upward. Here they remain 
quietly until their wings are unfolded. The powerful mani- 
festation of negative geotropism at the time of hatching is 
no isolated phenomenon in insects. In summer we find 
great numbers of the ecdyses of the larviB of Ephemerid» 
on the banks of streams. They are found on blades of grass 
or steep banks, with their longitudinal axes usually vertical 
and the head upward. That gravity, and not light alone, 
plays tlie chief role here is shown by the fact that I have 
found the ecdyses in the same [xjsition under bridges where 
no light could strike them from above. 

This observation on the larvje of Ephemeridje makes it 
impossible for us to accept the idea that the "purpose" of 
the orientation of the freshly hatched imago of a butterÖy 
is that the wings may unfold ; for negative geotropism 
appears in the larviB of Ephemerida? at a time when no 
wings are present. The caterpillars of butterflies are also 
negatively geotropie like the freshly hatched moths, even 
though not so markedly. Immediately after hatching geo- 
tropism is much stronger in the imago of the butterfly than 
heliotropism — a phenomenon rarely ol>served in the animal 
kingdom. If a freshly hatched imago is on a vertical wall, 
it does not change its orientation toward the center of 
gravity even when the direction» refrangibility, or intensity of 
the light is changed. 

What is true of the heliotropism of Lepidnptera, that it 
is most marked during certain j»eriods of their existence, 
holds good also for their geotropism, Amphipyra is ener- 
getically negatively geotropie immediately after moulting. 
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Several days later the animals assume every possible position 
with reference to the vertical. They prefer to remain on 
vertical walls, yet they will creep just as readily into hori- 
zontal folds and crevices. 

VII. THE POSITIVE HELIOTBOPISM OP PLANT LICE 

Anyone closely studying a rose covered with wingless 
' plant lice will notice that they are arranged in a definite 
way on the plant. On a vertical stem they rest with the 
head downward ; on the leaves they are usually found on 
the underside, mostly on the principal veins. Here one also 
notices a certain regularity in their orientation, in so far as 
the animals on the principal vein turn their oral poles toward 
the stem, and their aboral poles toward the point of the 
leaf. The orientation of the animals seems therefore to be 
controlled by the structure of the plant, and not directly by 
external forces. 

But the plant lice do not behave on all plants as on the 
rose. On a palm, for example, I found no such definite 
orientation of the animals toward the plant, even though in 
this case also they show a preference for the lower surfaces 
of the leaves. 

Yet it might seem reasonable to suppose that light or 
gravity compels the plant lice to seek the lower surfaces of 
the leaves. I twisted several leaves of Cineraria, the dorsal 
sides of which were covered with plant lice, so that the 
dorsal sides were directed upward and toward the window, 
and fixed the leaves in this position. I watched the animals 
for two days and found by actual count that the animals 
remained at rest. I rei)eated the same experiment on the 
plant lice of palm leaves, but also with negative results. 

My experiments on the orientation of new-born wingless 
plant lice were practically negative when I removed them 
from the plant and placed them in a glass vessel. Yet in 
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the older wingless animals I could notice an inelination to 
move toward the source of light. When ilicir wings had 
S2>roiäed, hmvei^er, the Qrierdafion of the plant lice was 
extraordinariliß definite. In this state they are perhaps 
the most suitable animals we have for demonstrating the 
pheiiomeoa of heliotropism. Not all sjiecies are equaUy 
irritable ; Cineraria afforded me the best specimens. I have 
never found a species of plant louse which was not definitely 
jmsitit^eltf heliofropic. I kept the plants near a closed 
window. The animals were attracted by the sun to the 
window, where thej crept upward. When the animals are 
lightly touched with the point of a pen, they fall down a 
second or two later. If a glass vessel is held under them, a 
large number of these animals can be collected in an unin- 
jured condition in a short time, I found it much better to 
work with such animals as have already fiuwn from the 
plant, than to collect the winged animals from the plant 
itself* To obtain the winged plant lice in great numbers it 
is necessary onl}' to allow a }ilant which is covered with them 
to dry out gradually. Under i^uch conditions the wings 
grow out very rapidly, 

^4// the experiments which were made with Portheiiia 
chrysorrhwa can be repeated with e.racfly similar resnÜH 
on winged plant lic^^ contained in a iest*tube. 

As in the heliotropism of caterpillars, the heliotropism of 
plant lice is determined cliiefly by the more refrangible rays^ 
which compel the animals to move in the direction of the 
rays toward the source of light. If we place the test-tube 
containing the animals on a horizontal table, they always 
move toward the source of light, whether this be lamplight, 
diffuse daylight, or direct sunlight. The orientation occurs 
the more rapidly the more intense the light. If the intensity 
of the light is constant, the plant lice, like the caterpillars of 
Porthesia ehrysorrhoea, are eomjielled to remain perma- 
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nently on the side of the test-tube which is turned toward 
the source of light. 

If direct sunlight comes through the window, and the 
tube containing the animals is so placed that one-half lies in 
the direct sunlight, while the other half is in di£Fuse day- 
light, and if the latter half is nearer the plane of the win- 
dow than the former, the animals will move to the window 
side of the vessel, like the caterpillars of Porthesia chry- 
sorrhoea; they leave the direct sunlight and move into dif- 
fuse daylight in order to follow as nearly as possible the 
direction of the rays. The result is the same when the dif- 
fuse daylight first passes through dark-blue glass. The 
animals are compelled to go to the window side of the tube 
under all conditions, no matter whether the test-tube is 
covered entirely or only in part by the blue glass, or 
whether the blue glass is placed over the window or the 
room side of the tube. The less refrangible rays which 
pass through deep-red glass are not very effective. In con- 
sequence, if the test-tube is entirely covered with red glass, 
the animals, if not very sensitive, distribute themselves 
evenly over the whole test-tube, just as in the dark ; or, if 
more sensitive, they collect after a long time on the window 
side of the test-tube. But even then they do not quite 
behave as under blue glass. While under blue glass they 
collect in a very small area on the window side of the tube, 
under red glass they occupy a much larger area. If only a 
part of the test-tube is covered with red glass, the animals 
collect at the window side of the uncovered portion of the 
test-tube, as the less refrangible rays have only a minimal 
eflfect. When I placed a test-tube containing highly sen- 
sitive plant lice on a horizontal table perpendicular to the 
plane of the window, and covered the window side of the 
test-tube with a bright-red glass, the animals collected at the 
boundary between the uncovered and the covered part of the 
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tube when diffuse daylight entered through the window. 
The more refrangible rays reflected from the walls of the 
room were more effective than the raya from the window 
which had passed through the lightered glass. This jire- 
vented the animals from going under the red glass. But 
ivben I used direct sunlight, the finimals moved under the 
red glass to the window i^tde of the vessel and remuinrd 
there. Wlien the animals were collected at the room side of 
the test-tute lying horizontally on a table and with its lon- 
gitudinal axisper|>eüdicular to the plane of the window, and 
an opaque cover was placed over the room side of the tube, 
while a dark-red glass was placed over the rest of the tube, 
the animals went under the red glass and gradually collected 
there on the window side of the tube. But when I placed 
the opaque cover over the window side and the red glass over 
the room side of the tube, and the animals were under the 
opaque cover at the l^eginning of the experiment, they did 
not collect under the red glass. The rays reflected fnim the 
wall of the room had lost their directing [>ower in filtering 
through the red glassy* The exjieriments were made in the 
diffu.se light of a dark day. On a bright day the animals 
moved to the room side of the tube under the red glass. 

The rays which pass through red glass have therefore the 
same effect, only they are weaker than the rays which pass 
through blue glass. 

I have already mentioned the fact that the day Lepi- 
doptera begin to fltj as soon as direct sunlight falls ujxtn 
them, while in diffuse light their heliotropic movements con- 
sist chiefly in creeping. The same difference in the effects 
of different intensities of light can be easily demonstrated 
in winged plant lice. In diffuse light of low intensity they 
move forward by rreeptng; when biTiught into the sun they 

To obtain a measure of the difference in the activity of 
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rays of diflferent intensities and refrangibilities, I measured 
the time it required for the animals in a test-tube to pass a 
line scratched in the glass, when moving under the influence 
of light from the room side of the tube to the window. 
In these experiments I used some sluggish winged plant 
lice which I had taken from a plum tree. As a rule, the 
heliotropic movements of plant lice took place much more 
quickly than in the experiment to be described here. The 
experiment was made in di£Fuse light on August 8, 1888. 
At the beginning of the experiment all of the animals were 
on the room side. 

The animals passed the marks as follows: 



In the first minute - 


- 11 animals 


In the second minute - 


17 " 


In the third minute - 


- 19 " 


In the fourth minute - 


21 " 


In the fifth minute - 


- 10 " 


In the sixth minute 


12 '* 


In the seventh minute 


- 13 " 



Only three animals had at this time not yet crossed the 
line. Several minutes later, at 9:20 o'clock, when the sun 
was coming through a fleecy white cloud, I made the following 
experiment in direct sunlight with the same animals. At 
the beginning of the experiment the animals were again on 
the room side of the tube. 

The animals this time passed the mark as follows : 

In the first minute - - - - 31 animals 
In the second minute - - - 36 " 
In the third minute - - - - 23 " 

Half a minute later the last sixteen animals had also passed 
the mark. The velocity of the movement was twice as great 
in direct sunlight as in ordinary daylight. These experi- 
ments were repeated and gave practically the same results. 
At 10:17 I placed the animals under a dark-blue glass. 
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This tirae it took ten minutes for the animals to orient them* 
selves— a longer time, therefore, than in white light* 

At 10:29 I covered the test-tube with red glass, mid since 
I knew that in diffuse light the heliotropic movements take 
place only very slowly under red glass, I bronght the animals 
at once into direct sunlight. It required seventeen minutes 
before the majority of the animals had passed to the window 
side of the mark. In diffuse light it require<l an hour for 
orientation to take place under red glass ; in a new experiment 
it required twelve mimites under blue glass* 

I noticed no periodic change in irritability in plant lice 
such as that observed in Lepidoptera, but I did notice a 
decrease in heliotropic irritability, a kind of rigor when the 
animals have been left undisturbed in the dark for some 
time. 

If the test-tube remained undisturbed, the animals 
remained permanently on the side nearest the window. 
When I very carefully turned the test-tube through an angle 
of 180'' in the daytime, the animals again moved toward the 
window, even when they had been left undisturbed for 
hours. When, however, I kept the animals quietly in the 
dark, and after some hours carefully placed the tube near a 
lamp, the animals did not move from the position which they 
had maintained through the day. They seemed to be asleejj. 
But when I shook the tube so that the animals began to 
move, they promptly oriented themselves toward the light as 
often as I turned the tube around. 

I fomid that winged plant lice are negajlively getjtropic 
as well as jx^eitively heliotropic, as is the case in the larvaa 
of Chrysorrhcea» If the animals in the test-tube were very 
vigorous, a change in the position of the tube with reference 
to the vertical brought alxjnt a change in the orientation of 
the auimals toward the center of the earth; they traveled 
upward at as small an angle as {)Osäible with the vertical, and 
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collected at the highest point in the test-tube. This experi- 
ment mnst, of course, be made in a dark room. When the 
animals are first brought into the dark, the experiment can 
be repeated many times with exactly the same result ; every 
change in the position of the test-tube with reference to the 
vertical compels the animals to creep upward and to collect 
at the highest point in the tube. When, however, the ani- 
mals were kept permanently in the dark, the reaction ceased 
soon, and the animals remained motionless, no matter how 
often the position of the test-tube was reversed. The ani- 
mals were in a sort of rigor. When they were placed on an 
inclined or vertical plane, they moved upward. Geotropic 
orientation occurred as soon as the plane made an angle of 
30° with the horizontal; the geotropic movements were the 
more certain and precise the nearer the plane approached the 
vertical. When light fell on the animals at the same time, 
their orientation was determined by the resultant of the 
direction of the rays of light and gravitation, in which, how- 
ever, the light was the stronger force even at a great distance 
from the window. 

The winged animals behave toward a source of heat in the 
same manner as the caterpillars of Porthesia chrysorrhoea. 
When I brought the animals in an opaque vessel into a room 
having a temperature of 18° and placed them near a stove, 
they left the side of the vessel which was turned toward the 
stove, as soon as its temperature increased a few degrees. At 
a temperature of 9° the animals were so sluggish that a 
definite reaction to light or gravity did not take place. A 
temperature of 20-24° is the most suitable for the experi- 
ments. When I surrounded one-half of the vessel with a 
water-bag having a temperature of 20^, the other half with 
one having a temperature of 10? 5 the animals moved, under 
the influence of light, from the warmer into the cooler area. 
But they did not move far into the latter, as their movements 



52 



StUDFES in GeNEBAL PflYSlOLOGt 



soon ceased. Under the influence of light, tho animals also 
moved from a region having a temperature of 12^* to one 
having a temperature of 24°, 

Viri. THE CONNECTIOK BETWEEN HELIOTROPISM AND SEXÜ* 
AUTY IN ANTS 

At the time of sexual maturity the male and female ants 
fly from the nest on a warm day to pair in the air. This 
"nuptial flight" is, as shown by the following observations, 
iMernu'ned by a vi^ry pronounced positive heliotropisnij 
which appears especially at the period of seximl maiurihj, 

I discovered a nöst of brown garden ants in the wall of a 
house which was struck late in the afternoon by direct sun- 
light. In August, 1888, I observed that on warm days in 
the afternoon, as soon as the sun struck the wall, at about 5 
o'clock, the winged ants came out in swarms and then flew 
away in the direction of the rays of sunlight, I procured a 
large number of rmnged ants from such a swarm and studied 
their behavior toward light. These miimals were efiergeti- 
calhj posiiively heliotropic^ and behaved in all respects like 
the caterpillars of Porthesia chrysorrhcea* 

When I put tiie winged ants into a test-tube and placed 
this with the longitudinal axis j>erpendicular to the plane of 
the window, the animals moved to the window side as often 
as the tube was turned around. The velocity of the helio- 
tropic movements was greater in these animals than in any 
others that I have studied. When the tube was not disturbed 
the animals remained on the window side nearest the win- 
dow. When the longitudinal axis of the test-tube lay par- 
allel to the plane of the window, the animals distributed 
themselves evenly over the whole length of the tube* When 
one -half of the tube was in direct Bunlight, while the other 
half was in diffuse daylight, but nearer the window, the ani- 
mals collected in the window side of the tube, they went from 
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the direct sunlight into the shade. The direction of the rays, 
and not the distribution of the intensity of the light, in the 
test-tube, therefore, determines the direction of the pro- 
gressive movements. 

The blue rays were pre-eminently effective. When the 
test-tube was covered with blue glass, either entirely or in 
part, the orientation was changed in no way. When the 
tube was entirely covered with red glass, the movements 
occurred more slowly.^ The animals finally collected on the 
window side, but it took a long time. When the tube lay 
with the longitudinal axis perpendicular to the window, and 
the portion nearest the window was covered with red glass, 
the animals collected at the boundary between the uncovered 
and covered parts. Dififuse daylight aflFected the animals 
just like sunlight. These facts may suffice to show that at the 
time of the nuptial flight the winged ants are energetically 
positively heliotropic. 

Yet I found that up to the time of the nuptial flight, 
light had practically no effect on winged ants which were 
taken from the same nest. 

Animals which I collected after the nuptial flight also did 
not react very distinctly to light. If heliotropism was still 
present at all, it was obscured by other forms of irritability, 
particularly stereotropism. 

The nuptial flight of the ants of this nest always took 
place at about 5 o'clock in the afternoon, when the sun's 
rays fell upon the nest. That it was the latter condition, 
and not the time of day, which determined the period of 
flight is shown by the fact that in other nests, which were 
reached by the sunlight earlier in the day, the flights took 
place earlier. Usually the flight occurs at about noon, when 
the sun's rays strike the earth perpendicularly and the tem- 
perature is relatively high. Both the males and the females 
which I collected from the swarm which had left the nest 
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late in tbe afternoon escaped throTigh the mndow on the next 

day at any time that I freed them. The scent of the females 
therefore does not determine the nuptial flight of the males, 
and vice wrsn; after aunset the auts no longer flew away 
when liberated. 

I have already shown that direct smilight or intense dif- 
fuse daylight calls forth flight movements in plant lice and 
day Lepidoptera* This also oc^^urs in winged ants. In dif* 
fuse daylight the male and female ants move toward the 
source of light only by using their legs; in direct sunlight, 
however^ they fly. 

Sunlight, therefore, causes flight movements in ants at the 
time of sexual maturity, and this fact determines the nuptial 
flight. Immediately after copulation another form of irrita- 
bility becomes more prominent* which compels the ants to 
to crowd into crevices (to *' found a new nest''). 

The connection between sexuality and heliotropism in ants 
is shown still further by the fact that at the time of the nup- 
tial flight no heliotropigm can be demonstrated in the workers. 
Workers taken from the same nest as the other ants when 
placed in a test-tube moved about irregularly in it, and finally 
came to rest on the stop|>er, no matter in what position I 
placed the tube with reference to the window, I then placed 
several winged ants which reacted energetically toward light 
in the same tube with the workers. The workers ap|mrently 
became now also positively heliotropic, that is to say, they 
moved with the winged ants to the window side of the tube 
whenever it was reversed. This lasted, however, only some 
ten minutes, when the workers settled again permanently on 
the stopjier and were no longer affected by the light while 
the winged ants reacted to the light just as before. 

The observations of Lubbock seem to indicate that helio- 
tropism may be present also in the workers at certain periods 

1 S&ereotfopüttn« [19DI] 
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in their existence. In the experiments of Lubbock the 
workers contained in the nest not only collected under red 
glass, but also carried their larvae there. The animals are 
therefore negatively heliotropic* 

All these facts, however, do not yet exhaust the connec- 
tion between sexuality and heliotropic irritability. The 
heliotropism of the male and female ants is also different, 
inasmuch as it requires more intense light to cause helio- 
tropic movements in females than in males. In isolating 
the males and females of the same swarm I noticed that the 
females had ceased to execute heliotropic movements before 
it seemed as if twilight had really begun. The males how- 
ever still collected on the window side of the tube long after 
sunset. Experiments with colored glasses succeeded in males 
when the light was so faint that I had difficulty in dis- 
tinguishing the color of the glasses. On dark, cloudy days 
females showed no heliotropic reactions toward the window, 
while the males did. It harmonizes with this observation 
that on cloudy afternoons I saw occasionally winged males 
leave the nest, but no females. 

As soon as the intensity of the light had become so small 
that heliotropic phenomena were no longer produced, another 
form of irritability appeared in the winged ants, especially 
in the females, namely, stereotropism. The animals then 
crowded into all crevices. I placed the animals in a dark 
box, and laid a small, folded piece of velvet into one comer 
of it. After a few moments they had crept into the folds of 
the velvet. With the males it took a much longer time than 
with the females. This irritability, however, did not appear 
as long as the light was sufficiently intense to call forth 
heliotropic phenomena. When exposed to light, the animals 
crept neither under the piece of velvet nor into crevices. It 
is very probable that a similar difference in heliotropic irri- 

1 The observatioas recorded in Lubbock's paper admit anotlier possibility. [ 1903] 
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tabilitj exists in the two sexes of the Lepidoptera, Röaumnr 
states that in the main only wxdes fly into the candle flame. 
From this fact, which is C4)rrect, it follows that it must 
require a more intense light to cause the females to execute 
heJiotropic movements than is necessary for the males. Bijth 
male and female moths are attracted by sources of light 
which are stronger than the candle flame, for instance, the 
electric arc light. It is a well-known fact that the females 
fly less than the males. It is imaginable that this is due to 
the fact that the females are less irritable toward the light 
than the males, 

The difference in the irritability of male and female ants 
toward light brings up the question as to whether the differ- 
ence in the development of the sense organs, particularly 
the eyes, which is often observed in males and females of 
the same sfiecies, is connected with this difference in irrita- 
bility. The males of ants have larger eyes than the females. 
But the cause of the difference in sensitiveness may lie 
deei^er, as is, fer example, indicated by the following obser- 
vation made by Semper : " In all si^ecies of the cave beetle 
Machierites only the females are blind, while the males have 
well-develojxHl eyes ; notwithstanding this fact they always 
live together/' ' Eyes therefore develop more easily in males 
than in females even in the dark. It might \m worth while 
to determine whether in these cave-dwellers the males are 
also heliotrüpically more sensitive than the females* 

IX. THE NEGATIVE HELIOTEOPISM AND OTHER FORMS OP 
IBBJTABILITY OP THE LABViS OF MUSCA VOMITOEIA 

The phenomena of irritability in negatively heliotropic 
animals obey the same laws as those in ix>sitivoly heliotropic 
animals ; with this difference, however, that negatively helio- 
tropic animals turn their aboral poles toward the source of 
light instead of their oral pole^, and that in consequence the 

iSemp£E^ Die fuitiSLrli*ihvH iLtk*iiinMt€äingun&€iv der r/iicre^ VaL I, p. 101. 
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direction of their progressive movements under the influence 
of the rays of light is away from the source of light. My 
description of negative heliotropism need therefore be but 
brief. I have chosen as an example of negatively heliotropic 
animals the larvae of Musca vomitoria, which are addi- 
tionally interesting in that they are completely blind, Helio- 
tropism in animfils is therefore a characteristic of their 
protaplasm, and not a specific characteristic of their eyes; 
just as in plants, i^^hich have no eyes. 

In order to study the negative heliotropism of Musca 
larvae it is best to take the almost fully grown larvcB fresh 
from the cadaver on which they were reared. When the 
light, which may be either diffuse daylight or direct sun- 
light according to the sensitiveness of the animals, is of the 
proper intensity, the directing influence of the rays of 
light can be demonstrated more beautifully in the larvae of 
the fly than in any other animal. I placed a number of 
these animals on a horizontal board and exposed them to 
sunlight. This was at about 4 o'clock in the afternoon, 
when the rays of light fell obliquely through the window. 
I shut out that part of the rays which came through the 
window from above by means of blinds. As soon as the 
animals came into the sunlight, they were oriented with 
their oral poles toward the room, and their aboral poles 
toward the window. They crept with mathematical precision 
in the direction of the rays. When a shadow was thrown on 
the board by a penholder, it could be noticed that the 
animals moved away from the light in a direction exactly 
parallel to the edge of the shadow. The directing force of the 
rays was so strong that the animals crept closely along the edge 
of the shadow without crossing it. They acted as though 
they were impaled on the ray of light which passed through 
their median plane. When I turned the board around, the 
animals immediately turned about also, and again placed 
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their median planes in the direction of the rays* (That this 
was due to the effect of the light, and not a compensatory 
niDVt'ment that might have been produced by the rapid 
turning of the bi>ard is shown by the fact that comi)ensatory 
movements do not exist in Musca larvae,) 

I was able to show that fly Larvas are compelled to move 
horn lern intense light into more intense light under the 
influence of the raja of lights just as it conld be ghown that 
positively heliotropic animals do not go from dark places to 
light ones, but follow the direction of the rays, even when by 
so doing they move from a region of greater intensity of light 
to one of less. I put the almost fully grown larvse into a test- 
tube and placed it horizontally on the table, with its longitu- 
dinal axit^ pt*rpt*ndicular to the plane of the window. The 
sun s rays made a small angle with the window. By means 
of a screen I arranged the test-tube so that only diffuse 
light fell through the window nj^on the half turned toward 
the window, while direct sunlight fell upon the half turned 
toward the room. At the beginning of the experiment the 
animals were all on the window side of the test-tube. They 
imfiirihuieltf movrd from the shmh^l part into the direct 
sunlight on tho room sufe, and remained there* 

Incidentally I was able to observe that the light stimuli 
which strike the oral pole of these completely blind animals 
are most important in the orientation of the animals towartl 
light When the animals crossed the iKjundary from diffuse 
light into direct sunlight, the reaction caused by the increase 
in the intensity of the light did not take i)lace until a half 
or a third of the body of the animal was in the sunlight 
(because in all phenomena of stimulation some time elai)ses 
between the application of the stimulus and the reaction to 
it). The animal checked its movement and turned its head 
through an angle of 90-130^ from side to side. If in so 
doing the head again came into the shade ^ the animal 
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returned into the shade ; but if this did not happen, as was 
more usually the case, the animal continued its movement 
into the sunlight. The animals did not always check their 
movements in passing from a shaded area into the sunlight. 
Often they moved without delay from the shade into the 
sunlight. The following observation shows that the rays of 
light which strike the head mainly determine the orientation : 
When I placed a fully grown animal on a board, and pushed 
the board from the shade into the sun, so that only the head 
of the animal was struck by sunlight, the larva immediately 
placed its median plane in the direction of the sun's rays. 
When, however, I put only the aboral pole into the sunlight, 
this orientation did not occur. Animals from which the 
first few segments of the oral pole had been amputated no 
longer oriented themselves toward the light. Yet little weight 
is to be given to vivisection experiments, which are followed 
only by an inhibition of the effects of a stimulus. 

When I allowed the sun's rays to fall on the plane of the 
board perpendicularly, the animals moved over it in all 
directions. As in this case the animals could not follow the 
direction of the rays of light, it had no other influence upon 
them than to increase their restlessness, and no uniform 
orientation resulted. 

It could be shown very beautifully in these full-grown 
larvflB that essentially only the more refrangible rays are con- 
cerned in exercising a directing influence upon these animals. 
I placed a large number of fully grown larvae on the middle 
of a horizontal board in a darkened room, and exposed them 
to the sun's rays which made but a small angle with the 
horizon. Within ten to twenty seconds every animal had 
placed its median plane in the direction of the rays of light, 
and moved exactly parallel to the shadow of a vertical object 
which had been thrown upon the board for comparison. I 
treated a new lot of animals in exactly the same way, but 
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before exposing them to the sunlight I covered them with a 
box of dart-blue glass. Within ten to twenty seconds these 
animals had also placed their median planes sharply and 
precisely in the direct iun of the rays of light, in which 
direction they moved toward the room side. When I took a 
third lot of fresh animals and covered them with i^d glass, 
the orientation of the animals into the direction of the rays 
did not occur. They crept to the right and to the left, occa- 
sionally moving a short distance toward the sonrüe of light; 
but even after minutes under the red glass the precise orien- 
tation of the animals, which followed under the blue glass in 
a few secondsj did not occur. Under red glass the animals 
behaved toward direct sunlight just as they did under blue 
glass toward vvrt; weak ilaijligliL That the rays whicli pass 
through red glass are not absolutely without etfcct seems to 
be shown by the fact that the animals avoided going to the 
window side, and that they finally collected at the room side 
of the board. The directing force of the rc^d rays seems 
therefore to be limited to this, that the animals will not 
move for long distances toward the source of light. In con- 
sequence, the animals must collect ultimately on the room 
side of the vessel. 

In all the previous experiments the animals were on a 
plane boarcL When at the begiiming of an experiment the 
animals were collected on the window side of a tmt-iube 
which lay horizontal and jjerpendicular to the plane of the 
window, in direct sunlight and under blue glass all the ani- 
mals turned their oral poles within ten seconds toward the 
room side of the tube. In ab4:jut twenty seconds they 
migrated to the room end of the tube. When the same ani- 
mals were exposed in the same way to direct sunlight, but 
under red glass, they neither oriented themselves nor moved 
toward the room side of the tube during the next four 
minuteSi even though they were very restless* 
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In this case, therefore, just as in the case of the positively 
heliotropic animals, it is chiefly the more refrangible rays 
which effect the orientation of the animals. The helio- 
tropic influence of the less refrangible rays, however, is 
much less in the eyeless fly larvae than in any other ani- 
mals that I have studied. The animals moved in the direc- 
tion of the rays, even in diffuse light, at a distance of one 
meter from the window, but the less the intensity of the 
light, the more easily did other stimuli (such as contact 
stimuli) cause a deviation of the animals from the straight 
line. I have often repeated these experiments in the course 
of the last two years, and have each time obtained essentially 
similar results. The irritability of the animal is, however, 
not always the same; especially does its irritability vary 
during different periods of its life. I have, however, con- 
vinced myself that the larvae are negatively heliotropic even 
immediately after being hatched, although they do not move 
as precisely in the direction of the rays as the fully grown 
larvae. 

I placed some fly eggs on smoked glass plates and allowed 
them to hatch. As the larvae removed the soot in their 
path, they thus registered graphically the paths they took 
from the eggs. The glass plates lay on a horizontal table in 
a room lighted from one side only. The paths followed by 
the larvae ran, almost without exception, toward the room 
side of the plates. In the few exceptions the path usually 
ran first toward the window, then bent, and went toward the 
room side of the plate. It was neither a mysterious force of 
nature nor an obscure "inherited instinct" which dictated 
the direction of the movements of these animals, but only 
the direction of the rays of light, just as gravity determines 
the orientation of the Lepidoptera when they emerge from 
the chrysalis. 

When the diffuse daylight which struck the larvae came 
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from two windows the planes of which were at an angle of 
1H)° with each other, the paths taken bj the langte lay diago- 
nally between the two planes»* When I placed the plate with 
the eggs in an absolutely dark room, the paths followed by 
the larvöe ran concentrically around the nestj the animals 
had scattered equally in all directions over the plate, but, 
contrary to the behavior of the animals in the light, which 
always moved as far as possible toward the room side, the 
circle in which the animals moved in the dark was very nar- 
row. They did not leave the glass plate. The constant 
intensity of the light acts, as in the case of the positively 
heliotropic animals, as a constant stimulus which causes the 
animals to move in one definite direction (either toward or 
away from the source of the light), until some other stimulus 
intervenes, which modifies or abolishes the effect of the light. 
In my preliminary communication on animal heliotropism 
I mentioned an effect of light on fly larvje which I called a 
kind of anisotropyi and which I am at a loss how to in- 
clude under the other phenomena of heliotropitim. The 
phenomenon under discussion appears only in intense light 
and in newly hatched or veriß t/öung hirmr. The phenoraeuon 
consists in this, that the animals'* turn their ventral surfaces 
toward the source of light without placing their median 
plane in the direction of the rays. I have never seen this 
orientation in adult larvae. When I put the animals into a 
test-tube placed with its longitudinal axis |>eriiendicular to 
the window, and exjiosed them to the direct rays of sunlight 
or diffuse light close to the window^ the animals left the 
lower side uf the tube and moved to the upper. In this the 
animals, therefore, resembled jwjsitively heliotropic animals, 
and I might have believed that I was dealing with one of 

I Tbl» experimiiDt was rtwefitly tjubltshf^l by an American pbirsiolotfist as it nem 
discovery to pfuf'o that I bad avdrliMkt^d tb» impurtatice uf tbti iatotisily af Uidktl 
llflOSJ 

s When kept m a losMube. [IWSJ 
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those cases occasionally observed in plants where in light of 
great intensity the heliotropism of an organ is the opposite 
of that in light of less intensity. A closer examination, 
however, showed this not to be the case. When the test- 
tube lay perpendicular to the plane of the window, positively 
helio tropic animals contained in it moved, as we have seen, 
not only to the upper, but also to the window side of the test- 
tube. This was not the case with the newly hatched fly 
larvflB. They all turned their ventral surfaces toward the 
source of light, but otherwise moved about irregularly. I 
placed the animals in a test-tube which was covered with 
black paper, except for a small slit, and let direct sunlight 
enter the tube only through the slit. The animals which were 
on the lower side of the tube left it as soon as the light 
struck their backs, and crept upward ; but no animal which 
was sheltered from the light was attracted to the upper, 
lighted side of the tube, as was the case under similar con- 
ditions in the positively heliotropic caterpillars of Chrysor- 
rhoea. When I held the glass vertically, more animals 
collected on the window side, but they did not all creep ui>- 
ward, as did the positively heliotropic animals. When I 
placed the animals on the outside of a test-tube, they did 
not move upward, but collected for the most part on the 
under side of the tube. This experiment was not very 
decisive, however, as the animals easily fell off the tube. 
These facts can be interpreted in no other way than that 
the intense light compels the fly larv» to turn their veniral 
surfaces toward the source of lighf, in which condition 
they are indifferent to the orientation of their median planes 
toward the rays of light. The ventral position is assumed 
only when the animals are exposed to light. With this, 
however, the striking features of the movements of orien- 
tation in fly larvaB are by no means exhausted. While the 
movements of orientation in all the other animals go on 



64 



Studies in General Physiology 



under bine glass just eb rapidly and in the same way as 
in mixed daylight — since in mixed daylight it is chiefly 
the more refrangible rays which are beliotropically effect- 
ive — ^the ventral orientation of fly larvfo which has just 
been described occurs neither under blue nor under red 
glass. In direct sunlight it took one to one and a half 
minutes before the animals were densely gathered on the 
upper side of the horizontally lying test-tube. Not one of 
theße animals moved to the upper side of the tube in less 
than twenty-five minutes under red glass, or in less than 
five minutes under blue glass. 

The ventral orientation of the Musca larvae toward a 
Bource of light can be observed most distinctly in freshly 
hatched larva. As the animal grows larger, the phenomenon 
becomes less marked. The lump of eggs laid by a fly was 
distributed among three tubes. In all three tubes the aiaimals 
immediately after hatching oriented themselves ventrally 
toward the diffuse light. I then fed meat to the animals 
in one tube and left the animals in the other two tubes 
unfed. On the next day the unfed animals were oriented 
ventrally toward the daylight, while this was not the case in 
the rapidly growing larvie which had been fed. I have ob- 
tained the same result by feeding the larviB of one lot of 
eggs with fat, while another lot was given lean meat. The 
latter grew more rapidly than the former. While those fed 
on fat were oriented ventrally in diffuse daylight, direct sun- 
light was necessary to bring about this effect in those fed on 
meat, 

I might have doubted that this was the effect of light, 
had I not been able to prove that with a decrease in the in* 
tensity of the light the phenomenon becomes less distinct, 
and finally disapj:»ears entirely. I do not think that the 
ventral orientation could have been the effect of heat, as the 
animals move away from a non-luminous source of heat, as 
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we shall see presently. Because of the preponderance of 
this ventral orientation, it is no easy matter to demonstrate 
the negative heliotropism of the young larvaB in a test-tube ; 
they assume the ventral orientation, and no longer trouble 
themselves about the direction of the rays of light. 

The oricnfation of the larvce ofMusca toward a source of 
heat, — If a Musca larva in its movements comes to a spot where 
the temj^erature is only one degree higher than in the sur- 
rounding area, it stops and turns its head laterally. If in 
so doing its head encounters a spot with a lower temperature, 
it turns thither and continues to move in this direction. 
One can easily convince oneself of this by laying the tip of a 
finger on a spot on the outside of a test-tube containing the 
larvfiB. The increase of temperature of the spot touched can 
be ascertained by a sensitive and finely graduated thermom- 
eter. As soon as the animal comes to the spot touched by 
the finger, it turns its head. If it does not turn far enough 
to touch a cooler spot, it continues in the old direction to the 
region of higher temperature. According to this, the stimuli 
which reach the oral pole determine the orientation of the 
animal toward a source of heat also, just as in the case of 
light. If the experimenter puts a test-tube containing a 
large number of Musca larvae into his pocket, where no light 
reaches them, the animals collect in a few minutes densely 
on that side of the tube which is turned away from his body. 
The same thing happens when the tube is exposed to the 
rays of a non-luminous source of heat. 

If one-half of a tube is surrounded by a water jacket of a 
higher temperature, and the other half by a water jacket of 
room temperature, the animals in the warmer part become 
restless or perish ; they are not oriented^ however^ and conse- 
quently cannot save themselves by moving into th(d jwriion 
of the tube having a lower trmjierature. 

In these experiments the animals were contained in a 
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a (i?'ig. *). The upper half was »urrounded 
by a wide hollow cylinder 5^ the bottom of which was com- 
posed of the cork stopper c^ into which a fitted water-tight* 
The lower half of a extended into the hollow cylinder d b 
and d were filled with water to a given height When the 
temperature of the water in the cylinder b was 
34*", while that of the water in d was 18°, the 
animalg in the upper part of the tube became 
yery restless, bnt did not creep into the cooler 
part uf the tube. Nor were the animals oriented 
when the temperature in the lower part of the 
cylinder was higher than in the npjjer. Such 
an orienting effect of temperature was observed 
only when an animal came to the boundary between the 
warmer and the cooler zones at c^ In such a case the animal 
moved into the zone having the lower temperature, but not 
into the other. 

By means of diffuse daylight, however, it was an easy 
matter to drive the animals from a place of lower tempera- 
ture to on© of higher. This is possible because the light 
orients the animab and dictates to them sharply the direc- 
tion of their progressive movement^ while the same is done 
by a source of heat only to a slight extent. It was therefor« 
possible to drive the animals from diffuse light into direct 
sunlight, notwithstanding the difference in temperature. 

At low temperatures, even +10*^, it is scarcely possible 
to demonstrate the heliotropism of fly larvfe. Heliotropic 
ex|ieriment8 in these animals succeeded test at a tem|)era- 
ture of 20-25 ^ 

The orii^niaiion of Musca lurvm toward chemical stimuli. 
— ^ If on a summer day a piece of meat is set in the open, 
blow flies collect on it in great numbers and de[x>sit their 
eggs. There can be no doubt that a chemical stimulus 
attracts the animals and causes them to lay their eggs. 



* 





Heliotbopism op Animals 67 

Decaying meat has the same attractive eflFect on the larvaB of 
flies. If such animals are in a test-tube containing decaying 
meat, and the tightly fitting cork is loosened a little, the 
animals which were crawling between the meat and the open 
end of the tube turn and go back toward the meat. I mois- 
tened a small area on a plate by rubbing it with decaying meat. 
I placed some half -grown larvse which I had taken from the 
meat in the middle of this moist surface. They at first crept 
toward the room side of the plate, but turned when they 
came to the boundary of the surface smeared with the putrid 
meat, and remained within it. Not until half an hour later, 
when the spot had dried completely, did they leave it. 
When I merely moistened a spot on the plate with pure 
water, the larv» did not remain on it. 

When I removed the animals from a cadaver and placed 
them on a glass plate, and brought a piece of decaying meat 
into their neighborhood, the animals crept toward it, even if 
in so doing they were obliged to move toward the window ; 
this occurred, however, only when the animals were in the 
immediate neighborhood of the meat. When they were 
more than a centimeter and a half away from the meat, they 
were no longer attracted by it ; they then followed the direc- 
tion of the rays of light and starved in the neighborhood of 
food. Animals which had not yet tasted food were also 
attracted by the decaying meat. Fat, even when foul, 
attracted the animals only slightly or not at all ; this is very 
remarkable, as the female flies are also more readily attracted 
by meat than by fat. I often placed a piece of horse flesh 
and a piece of horse fat side by side in the sun. At a time 
when the flesh was covered with eggs, the fat was almost free 
from them. It seems, therefore, as though the same chemical 
stimulus which attracts the larvce causes the flies to deposit 
their eggs. Decaying cheese also attracted the larvae, but 
ammonia and assafoetida were without effect. Some volatile 
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substance must be formed in the decomposition of the pro- 
teids which attracts the Musca larvie even from a distance. 

The coiäad-irritahüitij of Mttsca larvcE. — It is a well- 
known fact that Musea larvae are inclined to crowd into 
cracks and crevices in the earth, and it is astonishing 
through what small cracks the adult larv© can gUp> This 
irritability might impress a Darwinian as though the ani- 
mals wished to protect themselves from the light. That this 
contact*irritabiIity is entirely indöi>endent of their helio- 
tropism is shown by the fact that these animals crowd them- 
selves under a completely transparent glass plate, even if by 
so doing they have to move toward the light. 

The animals retain this form of irritability even when put 
into a vessel of water, in which they soon die. I noticed 
this phenomenon in feeding tritons with fly larvae. Small 
stones lay on the bottom of the vessel, and the larvce crowded 
themselves nnder them as eagerly and as skilfully as if 
they had always lived nnder them* The perniciousnesö of 
this irritability in the case in question is apparent wlien we 
remember that it keeps the animals from reachin*^ the sur- 
face of the water again, so that they are drown edp 

In these experiments I was struck by the fact that the 
animals, when i>laced under the surface of the water^ do not 
swim upward and so avoid death, but swim downwarcL I 
cannot explain this fact. Under other conditions positive 
geotropism cannot be demonstrated in these animals. 

The posit ire hcUotropii^m of Jlws at the time of sexual 
jtiaturify. — The fly, which as a larva is negatively helio- 
tropic, is positively heliotropic in the state of sexual 
maturity. This reversal in the sense of heliotropism in 
changing to the adult state is not uncommon. Yet it is a 
striking fact that, while heliotropism is reversed, the orienta- 
tion toward chemical substances is the same in the female 
flies at sexual maturity as in the larval state. 
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Positive heliotropism can be demonstrated in flies by the 
same experiments as in plant lice ; only it most be noticed 
that flies are provided with several more kinds of irrita- 
bility than plant lice, and that in consequence heliotropism 
may be obscured when other stimuli besides light come into 
play. In one experiment, for example, I observed 
that light, gravity, and heat were without effect 
on the flies, because the animals always remained 
on the cork stopper in the test-tube. Some sub- 
stance was probably on the stopper that attracted 
^®* * the flies; for when I put the animals into a flask 
with a clean glass stopper, they reacted to light. 

I am indebted to Professor Ernst Mach for a beautiful 
observation on the influence of light on the orientation of 
the house fly : 

Several years ago I accidentally made an observation which I 
have never been able to follow further. While adjusting my rotat- 
ing polarization apparatus in a dark room, by the help of sunlight, 
whereby a bright quadratic pictiu-e a some 16 cm. across (Fig. 5) 
was rotated three or four times per second in a circle of a radius of 
30 cm., a fly i^ (Fig. 6) happened to enter 
the bundle of rays LL^ went through the 
whole rotation as though stunned, and fell 
upon the table. I was able to repeat this i 
experiment twice. The fly, which was appar- 
ently soimd, escaped while I was giving my 
attention to something else. fig. 6 

In this case, then, the same efifect was produced by rotat- 
ing the rays of light as by revolving the fly on a centrifugal 
machine.' 

iRAdl has recently come to the conclusion that the reactions of insects on a 
eentrifni^al machine are indeed caused by the litfht. If this is correct, they are 
identical with Mach's observation. [1903 J 
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I. THE NEGATIVE HELlOTEOPISM OF THE LABV^ OF TENEBBIO 

MOLITOB 

TI16 larvfo of a beetle Tenebrio molitor, which can easily 
be collected in large quantities, are also suitable animals 
upon which to demonstrate negative heliotropism. When 
such animals are placed on a plate, they creep to the room 
side of it; if the intensity of the light is sufficiently great, 
they remain there. If the plate be covered with dark-blue 
glass, the result of the experiment is the same. If the plate 
be covered with red glass^ the animals move in the concave 
edge of the plate both toward the window and away from it ; 
a definite orientation does not occur. Under red glass they 
behave just as in the dark ; under blue glass, just as in the 

light. 

I covered one-half of a x>Iate with blue glass and one -half 
with red glass, so that the boundary between them lay iu the 
direction of the rajs. The animals were distributed equally 
over the plate at the beginning of the experiment. All the 
animals in the blue half moved to the room side of the plate, 
but none in the opposite direction; in the red half they 
moved in all directions. The animals moved from the blue 
into the red, but never from the red into the blue. Wlien I 
covered one4ialf of the plate with opaque cardboard, the 
other half with red glass, eo that the boundary between them 
again coincided with the direction of the rays of light, the 
animals scattered in all direetiona in the two halves of the 
plate. After a long time, however, the greater number col- 
lected under the cardboard. 

The exi>eriments which have been described were made in 
direct sunlight. If on a dark day the plate is some distance 
from the window and the light is not very intense, the ani« 
maLs, which at the beginning of the experiment were in the 
middh^ of the plate, will gradually creep toward the room 
side; when, however, they reach the shallow groove in the 
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plate, they do not again leave it, and now creep toward the 
window also. The animals are forced to bring the surfaces 
of their bodies as much as possible in contact with other solid 
bodies. 

These phenomena are not altered when the plate is cov- 
ered with blue glass. If, however, it is covered with red 
glass, the animals, even when in the middle of the plate, 
move as frequently toward the window as toward the room 
side. So far as the stereotropism of these animals is con- 
cerned, it must be added that the animals collect in the con- 
cave edges of dark boxes. 

It might be supposed that the function of stereotropism 
is to protect the bodies of the animals from evaporation as 
far as possible. I covered one-half of the bottom of a box 
with a moist cloth and the other with a dry one, and, after 
putting fifty animals in each half of the box, I placed it in 
the dark. After two hours not a single animal was found 
in the moist half of the box. The animals flee from moisture 
and seek dry spots. Contact-irritability and negative heliot- 
ropism determine the habits of these animals, which live 
protected from the light, in flour. 

The negative heliotropism of the larvcB of June bugs, — 
The behavior of the larvae of Melolontha vulgaris is quite 
similar to that of Tenebrio molitor. As they move for the 
most part while lying on their sides, their orientation takes 
place rather slowly ; nor do they follow in the direction of the 
rays of light as sharply as do the animals which have 
been described above. They flee from the light and move 
from the window to the room side of a vessel. 

The following experiment, which also serves to give an 
idea of the time required for experiments on these animals, 
shows that only the more refrangible rays are of chief 
importance in bringing about the heliotropic phenomena : 
At 10:40 o'clock I placed twenty -three larvae in the middle 
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of a round plate covered with blue glass. The aDimals 
moved to the room side of the plate, tried to creep over the 
edge, Riid at 10:45 came to rest on the room side. I waited 
five uuuutes, and at 10:50 substitnted red glass for the blue. 
The animals scattered equally over the whole plate^ and at 
11 nine animals were on the window side, the rest about uni- 
forndy Bcattered over the whole plate. I then substituted 
blue glass for the red. At 11:07 all the animals were col- 
lected on the room side of the plate. At 11:10 I again 
covered them with red glass. The animals immediately 
laegan to creep over the {date iu all directions. At 11:20 
twelve animals were collected near the window, sis in the 
middle, two on the side, and three on the room side of the 
plate, I kept the plate covered with red glass, and watched 
to see whether after a time the rays going through the red 
glass would not also bring alx>ut an orientation. No change 
occurred in the course of the next hour. Gradually, how- 
ever, more and more animals moved to the room side of the 
plate, and at 3:30 all but five animals were collected here. 
The animals, therefore, finally show a negative heliotropism 
under red gla^s also. The rays passing through red glass 
are therefore similar in their effects to those which go through 
blue glass, only they are not so effective. In this res[)ect the 
behavior of these animals corresponds with that of plants. 

The larvie burrow into the ground. Negative heliotro- 
pism may co-operate here, but etereotropism is without doubt 
the chief factor concerned. 

The question arises whether it is not geotropism which 
causes the animals to bore into the ground, as in the case of 
roots. In order to determine this I made the following 
experiment : I filled a hollow cardboard cylinder, some 5 cm. 
in diameter, with earth. The cylinder was about 20 cm. 
high. I fastened the cylinder on a stand, with its longitudinal 
axis vertical, and brought it so near to a table that it 
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just touched two larvaö lying upon it. I also placed two 
larvae on top of the cylinder. If the animals were negatively 
geotropic, the upper animals should have buried themselves 
more quickly than the lower. But the opposite was the 
case. After forty-five minutes the lower animals had 
burrowed upward so that they were completely out of 
sight ; the upper were not buried until an hour later. There- 
fore, even though they may be negatively geotropic, for 
which I have as yet no proof, the contact-irritability of these 
animals determines that they shall burrow into the ground. 

XI. THE DISTRIBUTION OF HELIOTROPIC PHENOMENA IN THE 
ANIMAL KINGDOM 

The exfyeriments which have thus far been described 
were carried out on insects. 

So far as experiments on representatives of the other 
divisions of the animal kingdom are concerned, I have con- 
firmed the identity of animal with plant heliotroiusm on 
crabs (Gammarus locusta, Cuma Kathkii), naked snails and 
worms (leeches, planarians, earth-worms and others). Experi- 
ments on infusoria are already sufläciently complete to show 
that Sachs's laws of heliotropism also hold good for them.* 

Investigations have not yet been made on Coelenterates 
and Echinoderms ; Trembley's ex{)eriments on Hydra, how- 
ever, show that in their case also the relation is the same ; at 
least it seems to me that Trembley's experiments cannot be 
interpreted unless we assume that the progressive movements 
of Hydra are determined by the direction of the rays of 
light. 

I used the following method with aquatic animals: To 
prove that the direction of the rays determines the direction 
of the progressive movement, I used a long, four-cornered 
glass box, one wall of which was made of a watch-glass. The 

1 See the papers of Strasbur^^or, Engelmann, and Stahl cited in the intrmlyction. 
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convex side of the watch-glass was turned outward. Wheo 
direct sunlight fell npon the glass, the rays were focused a 
few centimeters behind the glass wall. Notwithstanding 
this fact, the positively helio tropic animals moved in the 
direction of the rays from the room side of the glass box 
through the focal iwint to the front of the box, although the 
intensity of the light was the greatest in the focus. This 
could be shown very beautifully in some tiny^ positively 
heliotropic worms I found in the brackish water at Kiel, but 
whose identity uu fortunately I failetl to determine. 

Positive heliotropism is encountered more often in the 
plant kingdom than negative heliotrojnsm» It is worth while 
to mention the fact that positive heliotropism appears to 
exist in more B^^ecies in the animal kingdom also than does 
negative heliotropism. 

All cater jnlkirs and Lepidoptera, whether they fly by 
day or night, can, according to my observations, be con- 
sidered positively heliotropic. Thus far I have tried in vain 
to find negatively heliotropic Lepidoptera or caterpillars. 
The great majority of the other winged insects are also 
|KJsitiveIy heliotropic. 

We also encounter positive heliotropism in animals which 
live in water, and even in mud, and which therefore can 
never profit by light. I was much interested in some obser- 
vations I made in this direction on a small Crustacean (Cuma 
Eathkii) which lives on the bottom of the bay of Kiel. Th© 
animal can be fished out of the mud in which it buries itself 
only with a dragnet. Notwithstanding this fact, the animal 
is strongly positively heliotropic. When I kept these small 
crabs in a glass vessel and allowed light to fall u|>on them 
from one side only, the moving animals collected at th© side 
of the vessel nearest the light. The resting animals wer© 
oriented, and turned their oral f)olea toward the source of 
light and their median planes in the direction of the rays. 
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When the source of light or the vessel was carefully turned 
about, the animals changed their orientation until their 
median planes were again in the direction of the rays of 
light. The directing force of the light exhibited itself here 
in the same manner as in the Euglense in the experiments of 
Stahl. 

I next placed a small glass box filled with mud in the 
same vessel with the crabs. The animals did not scent the 
mud ; at least not one of them moved into the box containing 
the mud. When I disturbed the animals (by touching them 
with a pencil), they first swam upward and then, if I did not 
disturb them further, slowly fell to the bottom. If an 
animal happened to fall upon the mud, it immediately became 
lively as soon as it touched the mud. It burrowed into it 
eagerly, after which it was impossible to get the animals to 
react to light. The other animals which fell to the glass 
bottom of the vessel remained inactive. 

Thus we see that contact with the mud had a greater 
effect than light; contact-irritability is more intense than 
heliotropism. It is in this way that it happens that the 
animal, besides being a poor swimmer, lives away from the 
light in spite of its positive heliotropism. 

XII. THE DEPENDENCE OP THE ORIENTATION UPON THE 
FOBM OP THE BODY 

In the introduction I have called attention to the fact that 
the orientation of an animal toward light, like every phe- 
nomenon of irritability, is determined by two factors: first, 
external causes — in this case the light — and, second, inter- 
nal causes, namely, the structure of the animal. 

So far as the structure of the animals is concerned, we 
are dealing in this paper exclusively with animals whose 
bodies consist of two morphologically symmetrical halves, 
and which have morphologically diflFerent ventral and dorsal 
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surfaces and morphologically different oral and aboral poles. 
We disregard all other detailed morpliological peculiarities, 
because those mentioned suffice to explain the orienting 
movements of an animal, as they do for thö movements of 
plants. The distribution of irritability on the surface of 
an animal corresponds to the above-mentioned morphologi- 
cal relations. Elements at the surface of the body sym- 
metrically situated with reference to the median plane have 
equal irritabilities. This condition compels the animal to 
orient itself toward a source of light in such a way that the 
rays of light strike the symmetrical points in the body at 
equal angles; this is the case when the animal places its 
median plane in the direction of the rays of light. Points 
on the dorsal or ventral surface equidistant from the 
median plane have unequal irritabilities, the irritability 
being in general the greater the nearer the points are to the 
oral pole. In the same way, the irritability of a dorsal ele- 
ment is different from the irritability of the opposite ventral 
element. If these assumptions regarding the connection 
between irritability aud the main structure of au animal are 
correct, it follows, without further discussion ^ that au animal 
with bilateral symmotry is comjjelled to place its median 
plane in the direction of th© rays of light and to move in 
this direction either toward or away from the source of 
light. We must therefore prove that the described distribu- 
tion of irritability on the surface of an animal is not fiction, 
but reaUty, 

1 , The oral j >olc of an a n imal w more frrlfahle h rlhtropi- 
cally ihan (he (ibornl poh% no matter whether the animal 
has eyes or not. 

I have already mentioned that the blind adult Musea 
larva immediately places the entire median plane of its body 
in the direction of the rays of light when sunlight strikes only 
its oral pole. When, however, the oral pole remains in the 
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shade, while the aboral pole is exposed to the sun, the ani- 
mal does not bring its median plane into the direction of the 
rays of light and does not move in this direction, although it 
may become very restless: Light therefore prescribes the 
direction of the progressive movements in these animals 
when it strikes the oral pole, but it does not have this effect 
when the light falls only upon the aboral pole. 

I have already called attention to Engelmann's observa- 
tion that Euglena viridis reacts cleariy only when the light 
falls upon the oral pole. Euglena viridis possesses a pig- 
ment spot at this pole which is called the "eye-spot." 
Physiologically this expression is a very unhappy one, as we 
do not know that this spot has anything in common with the 
functions of our eye. Engelmann, however, expressly states 
that the most sensitive spot of the Euglena is not the pig- 
ment spot, but the colorless protoplasm lying just in front of 
it. 

The earthworm has no eyes. Hoffmeister found that the 
animals recede from the light when the anterior end of the 
body is illuminated. If, however, the oral pole is shaded 
and the rest of the body is illuminated, no effect is produced. 
Darwin repeated and corroborated this experiment.' 

Fresh-water Planarians have eyes and are negatively helio- 
tropic, but their sensitiveness to light is not very great. I 
cut Planarians in two in the middle. The oral piece reacted 
to light soon after the operation, just as the whole animal. 
Not once, however, did I see indications of a heliotroi)ic 
movement in the aboral piece before regeneration had 
set in^ (which is very complete in these animals), even 
though the aboral piece was by no means inactive, but crept 
around very energetically in the glass and reacted promptly 
when touched. When I placed both pieces on the window 

1 Darwix, Die Bildung der Ackererde durch die Thätigkeit der IVürmer, trans, 
by Cabcs, 1882, pp. 11 ff. 

ilobsoryod different facts in an American fresh-water Planarian. [1903J 
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side o£ the vessel, the oral piece moved toward the room 
side, but not the aboral piecse. When the oral piece moved 
from the room side toward tlie window, it soon turned about. 
Under similar conditions thü aboral piece continued to creep 
until it reached the window. When the vessel containing 
the animals was carefully reversed, the aboral animal was 
not affected J but the oral animal immediately moved toward 
the room side. 

It can easily be shown that in leeches the head, which 
contains the eyes, reacts more energetically toward light 
than the aboral [lole. If some small stones are lying on the 
bottom of a beaker which contains such animals, and the 
vessel is sntldenly illuminated, the animals push their heads 
under the stones, while the aboral polo remains at rest even 
though exposed to the light. It is astonishing to notice 
how long after the illumination the reaction appears* It is 
not unusual for thirty to seventy seconds to elapse between 
the illumination and the beginning of the movement. Hoff- 
meister ol>aerved a still longer latent period in the case of 
the earthworm. It would b© unneeesaary to show that in 
animals which jKissess eyes the oral [K>le is more sensitive 
toward light than the aboral. We may therefore accept it 
as certain that the oral jiole of an animal is more sensitive 
toward light than the aboral, whether the animal does or 
does not jxjssesa eyes. 

In consequence of this fact, it is difficult for an animal to 
move perpendicularly or obliquely to rays of light emanating 
from a sufficiently intense source, for, as the oral pole is 
more sensitive than the aboral, the former must turn more 
energetically toward or away from the source of light 
(dejiending nix>n whether the animal is positively or nega- 
tively heliotropic) than the a bo rah 

2, The heliotropw irritnhi'b'ftf ti* also differeni on the 
ventral and dorsal surfaces of a dorsiventral animal. To 
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my knowledge, no observations on this subject have as yet 
been made on animals. 

Planarians and leeches afford an example of the differ- 
ence between dorsal and ventral irritability. In leeches the 
ventral surface, which has no eyes, is more sensitive to light 
than the dorsal surface. It has already been said that this 
animal leaves the dorsal side of its aboral pole exposed to the 
light, if only its head is protected from the light. Such 
animals stick to the side of a beaker, so that their ventral 
surfaces, which carry the suckers, are directed outward. If 
diffuse light of a suflScient intensity falls upon the ventral 
surfaces of the animals, most of them leave the window and 
move to the room side. The animals then turn their dorsal 
surfaces to the light. 

In this case, as in all the others, only the more refrangible 
rays are chiefly active. When the animals are covered with 
red glass, orientation does not follow, or only after some time. 
If blue glass is held over them, the orientation takes place 
just as in diffuse daylight. 

The difference between the irritability of the ventral and 
the dorsal surfaces of dorsiventral animals is therefore com- 
parable with that between the oral and the aboral poles. 

3. The dependence of the irritability of a dorsiventral 
animal on the symmetry of its body must yet be discussed. 
Those elements of the body of a dorsiventral animal which 
occupy symmetrical positions with reference to the median 
plane have equal irritabilities. 

The facts which prove this are to such an extent objects 
of daily experience that a brief allusion to them will suffice. 
If a touch on one side of the animal calls forth a movement 
to the left, then the same stimulus applied to the opposite 
symmetrical spot on the body will causb the same amount of 
movement to the right. An object appearing in the right 
field of vision causes the same amount of movement as one 
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appearing in the left at the same distance from the median 
plane. In short, we can say that the Btfmmetrical pkme of 

an aiiinifil from a morpJujlofjirfil stamlpoinl is filso ihe 
sifmmetrical jihtiw from a phf/i^ioloffical stumipoinL 

This distribution of irritabilitjr on the Burface of an 
animal determines the orientation of dorsi ventral animals 
toward a source of light. If the median plane lies in the 
direction of the rays of light, the symmetrical ix>ints of the 
surface of the animal are struck by the rays at an equal 
angle. The effects of the stimuli on the right and left halves 
of the body annihilate each other, since they are equal in 
intenBity and opposite in direction* The light can therefore 
produce no tendency to turn to the right or the left. When, 
however, the median plane is oriented obliquely toward the 
ßource of light, unequal forces act upon symmetrical ele- 
ments, and a tendency to turn must arise which continues 
until the median plane coincides with the direction of the 
rays of light. 

This dependence of irritability on the form of the body 
causes Musca larvje to move away from the source of light 
precisely in the direction of the rays, and plant lice to move 
just as precisely in the direction of the rays toward the 
eource of light. The heliotropie movements of an animal 
are therefore dependent oa the symmetrical relations of its 
bodv, iu the same manner as was shown by Hachs to he~ the 
case in plants. 

To show how far these conceptions of heliotropie phenom- 
ena in animals differ from the prevailing notions on the 
subject, eBp<?cially those of the Darwinians, I shall give the 
views of Romanes on this sul>ject. Romanes mentions the 
well-known facts that insects of all kinds fly into the Üame^ 
that many birds are attracted by the Light of lighthouses, 
and üahes by the lanterns, He e]£ plains the phenomenon as 
follows: ^^Tite habit must be cäirtbuted to tnere curiositt/, or 
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desire to examine the new and striking object;'''' and then 
quotes some remarks which he found in the manuscripts of 
Darwin: "Query: Why do moths and certain gnats fly into 
candles, but not into the moon when the same is at the hori- 
zon ? I noticed long ago that they fly much less frequently 
into candles on a moonlight night. When a cloud passes 
over the moon, they are again attracted by the candle." 
Komanes believes that: "7%e answer must he that the moon 
is a familiar object, which insects consider as a matter of 
course, and so have no desire to examine it^ 

As we have seen, it is not the "new and striking" object 
and "the desire to examine it" which drive the insects to 
the lamp, for they are attracted, as I have shown, also by 
the natural source of light, the sun. No reason seems to 
exist to my mind for believing that the moon is a more 
familiar object to the insects than the sun. I cannot well 
see, however, how Romanes harmonizes the phenomena of 
negative heliotropism in animals with " the desire to examine 
unfamiliar objects." The history of science has taught us 
that confusion always reigns when anthropomorphic motives 
are brought into scientific research. Before the time of 
Galileo a body sinking in a fluid " sought its place." * Galileo 
and his followers put an end to the sovereignty of this 
psychology, at least in inanimate nature. Mankind has had 
no reason to regret this revolution. In biology, however, 
even at this date, protoi)lasmic substances still move toward 
the source of light "because of curiosity." 

XIII. SUMMARY OF RESULTS 

I shall conclude by summarizing the more important 
results of my investigation: 

I. The dependence of animal movements on light is in 
every point the same as the dependence of plant movements 
on the same source of stimulation. 

1 See Mach, Guchichte der Mechanik^ 1st ed., p. 117. 
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1, The direction of the median plane, or the direction of 
the progressive movements of an animal, coincides with the 
direction of the rays of light/ 

2, The more refrangible rays of the visible spectrum are 
6xcluaively or more effective, than the leas refrangible 
rays, in causing the orientation of the animals^ as is also 
the case in plants. 

3, Light of a constant intensity acts as a constant stimu- 
Itis in-animals as well as in plants, 

4, The intensity of the light is of importance in ainmal 
heliotropism, in so far as only light of a certain intensity can 
cause heliotropic movements, and in so far as with an increase 
in the intensity the orientation of the animals toward the 
source of light becomes more exact. Direc^t sunlight causes 
winged insects (ants, Lepidoptera, plant lice, etc) to fly, 
while diffuse light usually causes them only to creep. Posi- 
tively heliotropic animals will move toward the source of 
light, even if in so doing they go from places of greater 
intensity of light to places of leas intensity ; negatively helio- 
tropic animals move away from the source of light, even if 
in so doing they pass from regions of less intense light to 
regions of greater intensity. 

5, Heliotropic movements occur only between certain 
limits of temperature. An optimum temperature lies beween 
these two limits at which the heliotropic movements occur 
most rapidly and precisely* This holds true also in plants. 

IL The orientation of an animal toward a source of li^ht 
de}:*ends on the form of the lx>dy , just as the orientation of a 
plant to light depends on the form of the plant. 

L Symmetrical points on the surface of the body of dor- 
siventral animals possess equal irritabilities." 

I [f tbcro ifl oqIj a bIö^Io source of lii<ht* U there arf» two S4»urüf*g üf lii^ht of 
dlffftr&tit üiteDäiti«^, tht^ (itiimal i$ oHi^ntod by the strcmger of ilip t wir> tii^ht-^, Htlitur 
intflUMtJeii bo (kiuuL, tbe ntuiual la oriBtited ia äuch a wny as to havu &ymmvtn^mi 
points of it:^ body strack hy the rajrs at the ^timo anirle. [ItH^S] 

^Equ«il ia magnilutle, nut in dJttactioii. IWidj 
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2. The heliotropic irritability of the oral pole of an ani- 
mal is different from the irritability of the aboral pole, and 
is generally greater than the heliotropic irritability of the 
aboral pole. 

3. The irritability of the ventral surface is different from 
the irritability of the dorsal surface. 

These three conditions taken together cause dorsiventral 
animals to place their median planes in the direction of the 
rays, and to move toward or away from the source of light in 
this direction. 

4. Eyeless animals (such as the larvsB of Musca vomitoria) 
behave in this respect like animals having eyes. 

III. The heliotropic irritability of an animal manifests 
itself frequently only at certain epochs of its existence. 

1. In winged ants this epoch is the time of the nuptial 
flight. . 

2. In plant lice it is the time when wings are present 

3. In the larvaB of Musca vomitoria negative heliotropism 
is most prominent when they are fully grown. 

4. In a large number of animals the sense of heliotropism 
is of the opposite kind in the larval and the adult states. 

5. Both the night and day Lepidoptera are positively 
heliotropic, and their heliotropism is similar to that of every 
other positively heliotropic animal. The period of sleep of 
the night Lepidoptera, however, falls in the daytime, and 
only for this reason is their heliotropism manifested exclu- 
sively at night. 

IV. In many animals heliotropic irritability is connected 
with sexuality. Aside from the nuptial flight of ants, the 
fact must be mentioned here that in ants and Lepidoptera 
the males are heliotropically more sensitive than the females. 

V. The behavior of an animal depends on the sum total 
of its different forms of irritability. In this way it may 
happen that Cuma Rathkü and the caterpillars of the willow^. 
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boreij which live in the dark, are positively beliotropic with- 
out deriving any benefit from this form of irritability. 

VI. There is one form of irritability widely distribnted 
throughout the animal kingdom, which has been studied but 
little, and which can easily be confounded with negative 
heliotropism. It consists in many animals being compelled 
to orient their bodies against the surfaces of other solid 
bodies in a certain way, or bringing their bodies in contact 
with other solid bodies on as many sides as possible (stere- 
otropism). Certain animals seek only the concave corners 
and edges of boxes (Forficula anricularia, ants, Amphipyra, 
the larvffi of Musca vomitoria, etc/}; while others fasten 
themselves only t^i the convex edges and corners (caterpillars 
of Porthesia chrysorrhoea). 

VII, A nou-luminous source of heat may influence the 
orientation, bat generally it is not able to prescribe the direc- 
tion of the progressive movements of animals. In this way 
it hapfjens that animals which move away from a source of 
heat may be forced by the light to move from diffuse light 
into sunlight, and to remain exposed to the high tem|>erature 
of the sunlight, even though this may cause their death. 
The influence of a non- luminous source of heat can best be 
compared to the influence of a weak source of light, which is 
just sufficient to hinder a negatively heliotropic animal from 
going toward the source of light, but is not sufficient to force 
the animal to move accurately in the direction of the rays. 

We have yet to draw a conclusion from the results of these 
experimentB, which could not be formulated until now> We 
have seen that the heliotropic movements of animals possess- 
ing a nervous system are determined in all resj)ectB by the 
Bame external conditions and depend in the same way on the 
external form of the body aa do the heliotropic movements 
of plants, which have no nervous system. These hidioimpie 
phenomena cannot therefore depend upon specißc chanicter' 
isiics of the central nervous system. 
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XIV. addendum; some pubtheb experiments on the 

GEOTROPISM OF INSECTS 

As I have several times had occasion in this volume to 
mention the influence of gravity on the orientation of ani- 
mals — a subject which in this form has not yet been discussed 
in physiological literature — it may perhaps be desirable to 
add a few further facts on animal geotropism. I must say 
beforehand, however, that my experiments in this field are 
not yet completed, and that I intend to return to this sub- 
ject. 

1. I have found that caterpillars (for example, Bombyx 
neustria) when placed in a hollow vessel creep vertically 
upward. When we wish to pour such caterpillars out of a 
vessel, we employ a method opposite to that used in pouring 
out a liquid ; we must hold the mouth of the vessel upward. 
When such caterpillars are contained in a glass vessel, the 
diffuse daylight entering from above in itself would bring 
about this effect ; I therefore made this experiment in 
wooden vessels. When the opening of the vessel was 
directed downward the animals crept upward, and not an 
animal escaped from the vesseL Geotropism, however, like 
heliotropism, is especially evident only at certain epochs in 
the life of the animal ; for the geotropic experiments were 
not at all times successful even in the same animals. 

2. Small beetles, particularly Coccinella, which can always 
be procured with ease in great numbers, were placed in a 
wooden box, and to protect them from the effects of light I 
put the box in a dark closet. The animals, which were at 
first scattered over the whole box, were found the next day 
collected at the highest point in the box, on the upper side, 
where they remained. When I turned the box about, they 
changed their orientation and moved again to the top. The 
behavior of Coccinellidaö and other beetles (particularly leaf 
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beetles) is Bomewhat remarkable, as many other animals, Bueh 
as caterpillars» plant lice, etc., do not react geotropically 
after they have been kept in the dark for some time, 

3. Another phenomenon can be observed in Coccinellidfe, 
to which I have already referred in my former paper on the 
"Orientation of Animals toward the Center of Gravity of the 
Earth/' * Cockroaches, for example, usually assume a position 
on the vertical walls of boxes ; they never remain for any length 
of time on the horizontal bottom, where their ventral Bnrfaees 
are turned toward the center of gravity. If, for example, 
the roaches are scattered aljont on the four vertical walls of 
a box, and the box is carefully and slowly turned through an 
angle of 90* on a horii^onial axis, only those animals whose 
ventral surfaces are turned toward the center of gravity in 
the new position begin to move. They leave the plane on 
which they were up to the time the box was turned and again 
seek a vertical plane from which to 8us|>end themselves. Yet 
the animals on the other three vertical walls remain at rest 
while the box is turned. This seems to indicate that the 
animals cannot turn their ventral surfaces toward the center 
of gravity for a long time. Whether this means that the 
animals' extremities can bear the pull of the load of the botly 
better than its pressure, I cannot say* The same phenome- 
non is also observed in Coccinellidse. If the box is placed 
obliquely» the two oblique planes on which the animals turn 
their ventral surfaces toward the center of gravity are first 
abandoned. 

4, Aside from the iH?culiarity which has been mentioned^ 
the CoccineUidie, like roaches, are found hanging on walls 
in all possible orientations toward the center of gravity of 
the earth. Great differences are therefore found in this 
regard also, for there are animals (such as the newly hatched 
Lepidoptera) lühtch put the median plane of their bodivs in 

i SÜMUHiJtii^richtc tier Würitmrgerph^tikatiKh-medicinischen GemlUcht^t^ 188ft. 
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the direction of tlie vertical and turn their heads upward. 
There are, hou)ever, also animals which orient themselves in 
exactly the reverse manner and turn their heads downward. 
To this class belongs the garden spider, which we find hang- 
ing in this position in the center of its web for hours. I 
found the same behavior in one of the Diptera, which I have 
not yet classified. 

5. If a beetle or a house fly (from which the wings have 
been removed) is placed on the disk of a centrifugal machine, 
which is rotated slowly, the insect turns its body around the 
same axis, but in an opposite direction to that of the revolv- 
ing plate. 

If the velocity of the machine is increased, these compen- 
satory movements cease. These animals therefore behave in 
this respect exactly as Mach claims vertebrates behave which 
possess a labyrinth.* But while the movements of vertebrates 
continue for some time after the movement of the centrifugal 
machine has ceased, but in a sense opposite to those occur- 
ring during rotation, I have never been able to bring about 
these compensatory after-movements in insects.' 

6. When one hemisphere of the brain of a house fly is 
removed the same disturbances in orientation appear as after 
the same operation on a rabbit. The fly from which the left 
hemisphere has been removed moves continually toward the 
right in its progressive movements. These deviations are 
greater or less according to the success of the operation. I 
showed in an earlier paper that the turn-table reactions of 
dogs and rabbits deprived of a hemisphere might be unsym- 
metrical. If a fly which has lost the left half of its brain is 
placed on a rotating disk, we find that on turning the disk 
in the direction of the hands of a watch as seen from above, 

1 Mach, Oruruilinieii der Lehre von den Beioeffungsempfindungcn (Leipzig, 1875). 

2 The obseryations of Lyon and of RAdl suggest tiio possibility that tho<e phf^ 
Doroena depend upon the eyes of these animals. When the eyes are removed or black- 
ened the reactions cease. [ 1903 J 
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the fly makes slight or only weak compensatory movements 
Yet wheu the disk is turned in the opposite direction the fly 
reacts very promptly (apparently even better than before the 
operation). After destroying both hemispheres or ampu- 
tating the head I no longer obtained compensatory move- 
ments in the fly. The experiments of Mach show that the 
compensatory movements of vertebrates emanate from the 
head ; according to Mach, the labyrinth is to be eonsidered 
the essential organ. Sneh an organ, however, does not 
exist in the head of a fly, 

7. If the halteres are removed from a fly, it ean no longer 
fly upward ; in the attempt to fly it immediately falls to the 
ground^ where it frequently tumbles abont Gleichen- 
Russwurm established tins fact during the last century, I 
found that such a fly reacts normally on the centrifugal 
machine. The destruction of the halteres does not there- 
fore have the same effect as the destruction of the labyrinth 
in frogs, birds, or mammals, in which, acconling to the 
experiments of Högies and Schrader, comjiensatory move- 
mentB cease when the labyrinth is destroyed. The conjee- 
tute ex[)ressed by others, and by me in my first |>ublicAtiout 
that the direction of Bound has an inflnenca on orientation 
has thus far led me to no new facts. 

8, I have not yet been able to demonstrate compensatory 
movements on the centrifugal machine in caterpillars, Musca 
larvae, and snails. 




n 

FÜRTHER INVESTIGATIONS ON THE HELIOTROPISM 
OF ANIMALS AND ITS IDENTITY WITH THE HELI- 
OTROPISM OF PLANTS» 

In a former paper I showed that the dependence of 
animal movement upon light is identical with that of plants 
on the same source of stimulation.' I showed that the law 
put forward by Sachs for the heliotropism of plants, 
namely, that the direction of the rays of light deter- 
mines the orientation, holds good also for animals. Free- 
moving animals are compelled to execute their progressive 
movements in the direction of the rays of light, as is the case 
with the swarm-spores of certain Algae. It was further 
proved that the more refrangible rays of the visible spectrum 
are the rays that are solely, or at least chiefly, effective in 
bringing about the movements of these animals; as is the 
case in the heliotropic movement of plants. After I had 
proved the identity of this relationship point for point, I 
believed it permissible to designate these reactions of ani- 
mals by the same term as that used for the identical reactions 
of plants, namely, '* heliotropism." 

At that time, however, I had proved this identity only in 
the case ot free-inoving animals. The task still remained to 
ascertain and investigate the influence of light upon the 
orientation of sessile animals, and to decide whether the 
influence of the light is in this case also similar to that upon 
sessile plants. It is known that in plants the direction of the 

1 Pflügers Archiv, Vol. XLVU (1890), p. 391. 

2 Part I, p. 1. See also Loeb, Sitzungtberichte der Würzburger phpsikalitck- 
medicinUchen Gesellschaft (1888) ; Gboom und Loeb, Biologisches Ceniralblatt, Vol. X 
(1890;. 
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light rays determines the orientation of the organs of the 
plant* It Ls characteristic of the organs of sessile plants that 
hrliotropk curvatures are produced when the plant is illu* 
minatpd from but one side. A growing stem continues to 
bend when illuminated from one side only until the growing 
tip lies in the direction of the rays of light. Progressive 
movement in the direction of the rays of light, which is the 
nile for free-moving animals and plants, is of course impos- 
sible for sessile organisms. Everyone who has cultivated 
flowers in a room has no doubt observed the helio tropic 
bendiugs in the plants. The question now arises whether 
fJtese helioiropw curvatures can also be produced in sessile 
animals when illuminated from one side only, I shall show 
in the following pages that this isj indeed, the case. 



I. The experiments described here were made on the large 
marine Annelid, Spirograph is 8pallanzanii. It lives in a tube 
which is quite flexible, yet suflSciently rigid to keep the ani- 
mal in a definite pc^sition. The tube is formed from the 
secretions of the animal. The aboral end of the tube is 
fastened (by a secretion) to stones or other solid objects. 
The gills of the animal, which are arranged at its anterior 
end in several spiral turns radial to the longitudinal axis of 
the animal, are usually found unfolded and projecting beyond 
the o[>en end of the tube. As the tube is almost impervious 
to light, the latter will act chiefly ujx>n the gills. So far as 
we know at present, the animal has no eyes. 

The animal can move freely inside the tul>e, the inner 
surface of which is perfectly smooth, and can be removed 
from it without the Blightest injury by cutting open the tube. 
I have occasionally seeu the worm leave the tube of its own 
accord, when the water in the aquarium l>ecamG bad* 

The layman seeing these animals in the tubes with their 
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gills fully unfolded takes them at first for plants bearing a 
palm-like crown (the gills) upon a long naked stem (the 
tube). A slight jar, however, causes the animals to draw 
back their gills rapidly into the tubes. 

When the animal is taken from the sea and kept in an 
aquarium, it is at first indifferent to the light. This con- 
tinues until the animal has attached itself by its foot to the 
bottom of the aquarium — a period often of several days. As 
soon as this has taken place, however, the orienting influence 
of the light begins to be noticeable. If light falls upon the 
animal from one side only, heliotropic curvatures make their 
appearance in the tube. The animal turns its oral pole 
toward the source of light and bends its tube until the axis 
of its radially expanded gills lies in the direction of the rays 
of light. The animal maintains this orientation as long as 
the direction of the rays of light remains unaltered. 

2. To test more accurately to what extent the direction of 
the rays of light determines the orientation of the animals, I 
put them into an aquarium which stood at the window, and 
which could be completely screened from the light by a zinc 
box. The outlines of the aquarium are indicated in the 
drawings (Figs. 7 and 8) by black lines, the outlines of the 
zinc box by dotted lines. The wall abed of the zinc box 
could be moved vertically upward, so that the amount of 
light entering the aquarium could be regulated. The zinc 
box, the walls of which were painted black on the inside, 
was so placed over the aquarium that the movable wall was 
on the window side of the aquarium. If this wall was 
raised only slightly, as shown in Fig. 8, the rays entered 
the aquarium almost horizontally. When it was drawn 
farther up, as in Fig. 7, rays entered from above in addition 
to the horizontal rays. These were more intense than the 
rays entering horizontally. 

On December 14, 1889, I put nine vigorous specimens of 
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Spirographis Spallanzauii, ©ach about 13 cm. long, on the 
bottom of the aquarium, with the longitudinal axes of their 
tul>c9 perpendicular to the plane of the window* Eight of 
them lay with their oral poles toward the room side efgh 
(Fig* 7) of the aquarium; on© with its oral pole toward the 
window side. The first two days j>assed without any change 




in the orientation ; the animab first attached the aboral ends 
of their tubes to the floor of the aquarium. In the course of 
the third day the tubes of bix of the animals, which were 
placed with their oral pole toward the room side, began to 
bend in an almost horizontal plane j the coucavftfß of ike vurr* 
ature being direcied toward the window. The other two 
animals, which had likewise been placed with their heads 
toward the room side, first elevated the head end and then 
en r red the tube concaveliß toward the tcindtnv. Finally, the 
ninth animal, which I had placed in the aquarium with its 
head toward the window, raised its head a little. 



1 
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Within the next few days the six first-mentioned animals 
further elevated their heads, so that the animals on Decem- 
ber 22 — eight days after being placed in the aquarium — 
were all similarly oriented toward the light. The head was 
direeted toward the tcindoic^ and the axis of symmetry of 
the gills which were exposed to the light lay in the direction 
of the more intense rays of daylight which entered from 




FIO. 8 

without and above. I waited to discover whether this orien- 
tation would last. The aquarium remained undisturbed 
until February 16, 1890 ; that is, for more than two months. 
The animals also did not change their positions, as indicated 
in Fig. 7. 

3. On the afternoon of February 17, 1890, the aquarium 
was turned 180° about its vertical axis, and the zinc box 
was again inverted over the aquarium so that the movable 
end was directed toward the window. By turning the 
aquarium around in this way, the heads of the animals, 
which had been until then directed toward the source of 
light, were suddenly turned toward the room side of the 
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FIG. 9 



aquarium« Mj object in ttiniing the aquarium around was 
to see whether a change in the direction of the rays of light 

would cause the animals to reverse their heliotropic curva- 
tures and to turn their heads again toward the source of light. 
There was no change during the course of the afternoon and 

night But toward noon of 
the following day I found two 
animals, which in ihe morning 
had fitill been in the jx^sition 
AB (Fig. 9), in the positiou 
ABij F indicates the plane of 
the window. The portion DB 
of the tube had described the 
surface DBB^ about the point 
D as center. A similar change 
in the orientation of all the 
remaining animals took place 
during that and the following day. In this experiment the 
direction of the raya of light was modified somewhat ; the 
wall abed was left quite low, so that almost nothing but 
horizontal nujs entered the aquarinm (Fig- ^)* I wished to 
determine whether the animals would continue to follow the 
direction of the rays and so assume an almost horizontal 
position. This did, indeed, occur. Ou February 22, 1890, 
five days after reversing the aquarium, the orientation was 
accomplished, as indicated in Fig. 8. The animals had 
turned their heads toward the source of lights and the ajjes 
of their (p'Hs Ifuj almost horizonialhi in the direcfion of ihe 
rai/s of light. I left the conditions of the exj)eriment 
unchanged until toward the end of March, and during all 
that time the animals maintained their orientation* 

4. If the rays of light fall vertically from above into the 
aquarium, Spirographis directs its tut>e vertically upward, 
exactly as a stem grows vertically upward into the o|3en air. 





FuBTHEB Investigations on Heliotbopism 95 

This experiment was made in another aquarium, in which 
the light rays entered chiefly from above. The animals in 
the large aquarium of the zoological station at Naples are 
usually found mainly in this position ; the light enters this 
aquarium chiefly from above. Here, however, where free- 
swimming forms easily disturb the orientation of Spiro- 
fifraphis, it is not always so perfect as when all possible dis- 
turbing causes are avoided, as in an aquarium used only for 
such experiments. 

5. It follows from these experiments that gravitation 
exerts only a slight effect, if any, upon animals which are 
subjected simultaneously to the effects of light and gravity. 
It was, however, necessary to discover whether a geotropic 
erection of the animals would not occur under the influence 
of gravity alone in a completely darkened room. 

On March 21, 1890, I placed a large number of Spiro- 
graphis in a horizontal position upon the floor of an aquarium 
in the dark room. On March 24 most of the animals had 
attached themselves by their aboral ends to the bottom of 
the aquarium. The oral ends of the tubes were then elevated 
until the gills no longer touched the bottom of the aquarium. 
The axis of the spiral did not stand vertically (as w&s the 
case when light fell vertically into the aquarium, or as should 
have been the case had the animals been geotropically irri- 
table), but only at a slight angle from the horizontal. The 
animals remained in this position until the end of the experi- 
ment, which was interrupted in the middle of April. Gravity 
therefore has no important influence upon the orientation of 
Spirographis Spallanzanii. 

6. The contact-irritability of the gills is manifested by 
the fact that they bend away from solid surfaces. This 
form of irritability can modify the result of the heliotropic 
experiments upon the animals. I placed several of the ani- 
mals upon the floor of an aquarium which was so shallow 
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that the aulmals could not erect themj^elves. Thej wer© so 
placed in the aquarium that their longitudinal axes lay per- 
pendicular to the side uh (Fig. 10) of the aquarium, and their 
pedal extremities M touched the glass wall afe. The side a 
faced and was parallel to the plane of the window* The 

animals fastened 
themselves to the wall 
«6, and then began 
to react, in their char- 
acteriBtic way, to the 
light, by which the 
head was turned and 
the tub© became con- 
eave toward the 
FIG. 10 Botiree of light The 

tube MN assumed the position MN\. As soon, however, 
as the tentack^B touched the glasB wall a6, the tip N turned 
away from the glass wall. The helio tropic l>ending gradually 
affected all the elements of the tube MN^ so that the 
Spirogxaphis finally reached the position MN^^ in which it 
remained throughout the jieriod of observation — four 
months. 

I repeated this experiment a number of times, always 
with the same result. 

7. The heliotropie phenomena of Spirographis took place 
both in direct sunlight aud in diffuse daylight* The minimum 
light intensity just suificuetit to bring about these phenomena 
is very small* I have not yet studied the effect of rays of 
different refrangibility in producing these phenomena* Since 
thus far the more refrangible rays have proved to be the 
most effective heliotropically both in plants and animals, it 
is to be sui^pected that Spirographis also will prove no excep- 
tion. 

8. As is well known, Sachs has formulated the law that 
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radial plants are ortliotropic ; i. c, they place their longi- 
tudinal axes in the direction of the rays of light, or of 
gravity. It will have occurred to the reader that Spiro- 
graphis, the body of which, like that of all Annelids, is built 
on the dorsiventral and not on the radial plan, reacts toward 
the light as a radial plant organ. I have, however, already 
emphasized the fact that only the radially arranged gills of 
the animal are exposed to the light, while the remainder of 
the animal is inclosed in the tube. These observations, 
therefore, show that a radial animal organ also obeys the 
law of orientation established by Sachs for plants (even 
though Spirographis possesses a central nervous system, 
which the plant does not). 

It is also of physiological interest that the respiratory 
organ of Spirographis is so highly sensitive to light that 
the orientation of the whole animal in space depends 
essentially upon this sensitiveness. This fact may perhaps 
explain why Branchiomma, a Serpulida quite similar in 
structure to Spirographis, has well-developed eyes upon its 
gills. 

0. If Spirographis is. carefully removed from its tube, it 
is not able to raise its body from the floor. In such a con- 
dition it creeps about like an earthworm, only much more 
slowly. I have occasionally seen such animals creep to the 
window side of the aquarium. They appeared, however, to 
suffer from contact stimuli, to which they were constantly 
exposed in this condition ; they all died within a few days. 

10. I am not in a position to make a definite statement 
concerning the mechanics by which the heliotropic curvature 
of the tube is brought about in these animals. The wall of 
the tube of an adult animal is 1.25-1.5 mm. or more thick. 
It is very flexible and elastic. If the ajiimal is tahm out of 
the tube after the latter has been bent through the heliotropic 
reactions of the animal^ the tube nevertheless maintains its 
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curvatttre. The wall on the outer concave side of the tulje is 
therefore permanently shortened. It might seem that the 
limit of elasticity of the tube is bo low that it retains, like a 
piece of lead, a curvature im|>arted to it through the muscular 
force of the animal. But this is not the case, I put a thick rod 
of lead into the straight tulw? of a Hpirographis and bent it till 
the tube was strongly curved. The lead rod was allowetl to 
remain in the tube. When a week afterward I withdrew the 
rod from the tul>e, it retained only a trac« of the cur\'8 
impressed u[>on it. Similar failure followed my attempt to 
straighten by the same methodj a heliotropically curved 
tube. Yet, as I have already Bhown, Spirograph is is able to 
straighten its curved tube within a few hours after a change 
in the direction of the rays of light, and, what is more, the 
tulje remains straight. The tube retaius its curvature even 
after it has been split open. The animal has, however, 
besides pressure and pull, another means at its disi^isal to 
change {»ermanently tho orientation of the tube, namely, the 
production of a secretion and the formation of a new layer 
within the tube. The idea that permanence in the curvature 
is attained in this way ia supjiorted by the fact that the 
inner layer of the tube is inuch niore elastic than the outer 
layers, so that the formation of a new inner layer on one 
side of the tube might curve it permanently. The following 
fact supfKirts this view : If a tube ia cut open lengthwise, 
the cut margins roll in want If the individual layers are 
separated, as can be done easily, it is Been that the tendency 
of the inner layers to curl up is greater than that of the 
outer layers, and that of the innermost, newest layer is the 
greatest of all. The formation of a new inner layer on one 
side of the tube would, therefore, lie sufficient to maintain 
the curvature of the tube permanently. The formation of a 
new layer cannot be observed directly. One is also disa[>* 
pointed in the ho|>e of finding one side of the wall of the 
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tube thicker than the other, for the thickness of the wall of 
perfectly straight tubes varies greatly in diflferent places of the 
same cross-section. The thickness of the wall is therefore no 
criterion in answering our question. I can therefore formu- 
late the following theory of the origin of the heliotropic 

curvature in the tube, only 
by reserving the right to 
test, and perhaps modify 
it later. I believe that, 
when illuminated from one 
side only, the animal 
strives at first to bring the 
axis of its gills as nearly 
as possible in the direction 
j,jQ jj of the rays of light. In do- 

ing so the animal perhaps 
bends the tube by aid of its muscular force. Since the tube, 
however, tends to resume its original position because of its 
elasticity, the body of the Spirographis must rub more 
strongly against the concave wall of the tube than against the 
other. This increased friction brings about a great activity 
of the skin glands, whose secretion forms the material of the 
tube. That friction indeed leads to secretion, and with it to 
the formation of a tube, I have been able to prove directly 
in the case of the Actinian, Cerianthus membranaceus. I 
have been able to establish the following facts regarding 
Spirographis which seem to indicate a similar behavior. I 
cut small pieces from the tube. The animal was in conse- 
quence obliged to rub against the cut margins during its 
movements ; and a copious secretion was indeed formed in a 
short time, which soon closed the opening with a new mem- 
brane. There is, moreover, always more or less friction on 
the anterior margin of the tube when the animal stretches 
out its head. In fact, the tube grows constantly from this 
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end, as illustrated in Fig, 11* In this experiment I had cut 
a long bmad piece aa^ oat of the tube at a, bo that the 
anterior piece of the tube a ^ h remained attachetl to the rest of 
the tube only by a thin piece p* After the operation the 
animal showed its gills at o, and no longer nsed the piece a^h 
of the tube. New material was deposited at a within a few 
days, and in the course of three weeka the new piece ac was 
formed. Its light color readily characterized it as new. 
I had at the same time cut away the aboral end of the 
tube completely* Before my very eyes the movement of the 
aboral end upon the sand caused the secretion of a sticky 
mass, to which particles of sand became attached- In this 
manner the new pieca of tube de was built, consisting of 
grains of sand cemented together by the glandular secretion 
from the tube. The newly formed piece was perfectly 
smooth on the inside. The secretion from the skin glands 
continues as long as there is any noticeable amount of fric- 
tion. When I removed Spiro(:^a{>his from its tube and 
placed it in a smooth test-tube, practically no secretion 
occurred. Secretion occurred only from the parajjodia in 
the form of long, fine threads, similar to those produced by 
the spinning glands of spiders* If, however, the naked 
Spirograph is was laid ujjon the sand, the aboral end was 
soon covered by a shell of sand kernels. I have neverj 
however, seen the animals form a complete tube when 
removed from their old ones ; for in their exposed condition 
they soon die. 

II 

Spirographis Spallanzanii attains its heliotropic orienta- 
tion when illuminated from one side by curving its äexible 
tube; new growth of the tube is not necessary. There are 
other Serpulidie, however, tlie calcareous tulles of which are 
stiff and iiitlexiblc. These Serpulidte, like Spirographis, 
expose their gills to the light, and these, too^ react according 
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to their structure as radial organs* Snch a Serpulida^ if 

heliotropically irritable, must place the longitucliiml axis of 
its cylindrical tube in the direction of the rays o! light. If 
the calcareous tube is brought into any other position with 
reference to the source of light, the animal mu^t make use 
of one of two possibilities iu order to regain its proper orien- 
tation: either it mugt lengthen its calcareous tul)e and bend 
the newly growing part until the axis of the tube again 




FIG. n 
lies in the direction of the rays of light, or else leave its 
tube entirely and build a new one having the proper 
orientation« The animal makes use of the first of theee 
possibilities, I experimented with Serpula uncinata. These 
Annelids inhabit calcareous tut>es and are gregarious. 
Large white blocks are found in the Gulf of Naples which 
consist entirely of the tubes of countless numbers of fiuch 
Annelids massed together» I noticed that the individual 
tubes in such a mass all had the same orientation, and in 
those cases in which the blocks showed the base upon which 
they had rested on the horizontal bottom of the t^jcean it waa 
plainly visible that the tubes must have stood in the water 
with their longitudinal axes verticah Serpula can, like 
Spirographis, mo%'e about freely within its tube. I laid a 
large block of innumerable annelid tubes, each of which 
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stood almost niathematically straight and parallel, upon the 
floor of the aquarium so that the longitudinal axes ab of the 
tubes, whicli had previonsly been vertical, now had a hori- 
zontal position (Fig, 12). The lifjhi fell into the aquarium 
from ahove. I noticed that in the course of the next day 
the Serpulidie, which like Spirographis presented only their 
radially arranged gills to the light, bent them strongly 
upward* Inflividual tubes thmi began to grow^ and in suck 
a way that the neid^ formed jmrtions of the tubes all bent 
uptcard nuiil the free tip of the tube lat/ in the direction of 
the rays of light (which in this case was identical with the 
direction of gravity), after which the tuheii continued to grotß 
in the direetion of ike rays of light {and of gravity). Within 
six weeks the entire block was covered with tubes which 
curved upward; not a single individual had continued to 
grow in the original direction ah. The figure shows the 
Serpulidae curving upward at the free edge of the block. The 
final effect in this case therefore again corresponda to the 
theory of geotropism and heliotropism as presented by Sachs : 
the axis of the gills which react as a radial organ lies finally 
in the direction of the rays of light (and of gravity). While 
in the case of Spirographis, however (the tube of which is 
flexible), this effect was brought about through a change in 
the orientation of the old tube, the same effect was attained 
in the case of Serpula (the tube of which is inflexibkO only 
through the ktdiotropic cnrvafure of tluä portion of the (uhe 
which was in the jjrocess of growth. 

In the above-mentioned expt^riment the direetion of the 
light rays was identical with the direction of gravity, I 
have not yet been able to decide whether light alone deter- 
mines the orientation of the tube^ or whether gravity also 
plays a role. I hope later to make a series of experiments 
regarding this point. 
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1. I have endeavored to find other animals in which helio- 
tropic curvatures are formed only in the growing parts. 
These efforts have been successful in the Hydroids. Stems of 
Sertularia (polyzonias ?) were cut oflf near the root and fixed 
in the sand in an inverted position, so that the cut end was 
directed upward. The stems were placed near a window 
through which the light fell obliquely and from above. The 
animals began to regenerate ; 7iew polyp-bearing stems grew 
from the cut end as well as new roots ;^ but while the new 
stems grew upward and toward the window, the roots grew 
downward and toward the room side. The polyp-bearing 
shoots are positively^ the roots negatively, heliotropic. That 
the negatively heliotropic elements were true roots was 
proved by the fact that when brought in contact with a solid 
body they attached themselves to it and continued to grow 
over its surface in close contact with it. They could be 
loosened from their attachments only by force. The polyp- 
bearing stems do not possess this kind of contact-irritability. 
The heliotropic phenomena will be readily understood by the 
aid of Figs. 18, 14, and 15 : ab is the old stem, b the cut 
end; the stem is fixed in the sand to the point ac. From the 
cut end 6 arise newly formed roots W^ , which bend down- 
ward away from the light and toward the room side of the 
aquarium. The new polyp-bearing shoots S grow upward 
and toward the window. The arrow marks the direction of 
the rays of diffuse daylight in this experiment. 

2. In these experiments new growths occasionally sprang 
from the middle of the old stem, which, so far as their con- 
tact irritability was concerned, reacted as roots. Those 
tendrils which attached themselves to solid bodies were 
always negatively heliotrojnc. They grew downward and 

1 Which is of importanc«) in tho theory of organization. 
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toward the room side, and remained free of Hydranthik (See 
Fig. 13, TT..) 

On the other band, I saw ako new polyp-bearing ßtema 
arise from the old stems, although much lesa frequently; 
these grew in the opposite direction, namely upward. 

3. That in the case of Sertularia it is, indeed, onltß the 
groiciug part^ ivhick produce the hehotropic ctirvutures is 




FIG. n 



Fio. u 



FIG. 15 



shown by the following exi>eriment. The growing tips were 
cut off a large number of Sertularia stems. The stems began 
to grow, and in the course of a few days sent out new sprouts. 
The new growth is strikingly different in color from tlie old 
stem; while the latter is rather brown (from having been 
covered by Algie ?), the color of the new growths is a light 
yellow. The (/rowing eJcnwuts curvvd themselves until the 
growimj points lay in the direction of the raus of light and 
then contiiiut'd to grow in this direction. During all this 
time no change in the orientation of the old stetn occurred^ 
nor did any take place in other uninjured stems, in which no 
linear growth occurred during this time. 

How far gravity jilayed a role in these ex|)eriment8 I was 
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unable to determine accurately. The Sertularia cultivated 
in a dark room ceased to grow, though I question whether 
this was entirely due to lack of light. 

4. Light (and perhaps gravity) influences not only the 
orientation^ but also the j^osition of the newly formed organs. 
I have observed, and not in the case of Sertularia only, that 
the new polyp-bearing branches always arise from the upper 
surface of the stem. In Fig. 15, a new stem iS springs from 
the upper side (the side directed toward the source of light) 
of the stolon W^ . I do not desire to discuss these points 
more minutely here, as they will form the basis of a paper 
which is to appear soon, on the form of animals. 

The experiments on Sertularia described here serve only 
to complete the general consideration of animal heliotropism 
and to show more fully the identity of animal and plant 
heliotropism. The special investigation of the heliotropic 
behavior of Hydroids is to be the subject of future study. 
That this is both an interesting and a fruitful field 
is shown by the beautiful work of Hans Driesch, which has 
just appeared, on the ''Heliotropism of Hydroids."* Driesch 
arrives at the following result : 

The stolons which are produced instead of polyps under 
unfavorable conditions in Sertularella polyzonias, are with the 
exception of the first, which is turned away from the light from the 
very beginning, all positively heliotropic at first, becoming nega- 
tively heliotropic after the growth of the daughter-stolons. They 
arise from the side of the mother-stolon, which is turned toward 
the light. (P. 152.) 

This observation of Driesch agrees very well with mine. I 

shall return to them in my "Physiological Morphology of 

Animals." 

The results of this study may be summarized as follows : 
1. Certain sessile animals (Serpulidse, Hydroids) which 

are compelled to react to light and gravity as radial organ- 

1 Zoologische Jahrbücher^ Vol. V. 
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isniB always place the axes of their radial organs in the 
direction of the light rays, as do the radial organs of sessile 
plants. 

2. The fact that sessile animals, such as the Serpulidie, 
have a central nervous system, while plants have not, does 
not bring about any difference in the heliotropic effect. 

3. If the light enters from one side, there are produced in 
the al>ove-mentioned aniuials kelioiropic curtmiurea which 
correspond to those obtained in sessile plant organs under 
similar conditions. 

4. There are sessile animals which at tain these helio- 
tropic curvatures oidj during the period of growth^ as is the 
case with certain plants. Sertularia and Eudeudrium, among 
others, belong in this group, in which orily the (jrotntuj parta 
are able io bend keliotropicuUtf ; Berpula uucinata, w^hich is 
able to change the orientation of its otherwise stiff tnbe onlff 
wktm tke laffer is growing, also belongs in this group. 

5. Spirographis Spallanzanii, the tnlje of which is fiexiblej 
is capable of heliotropic curvatures i^Hhout accompant/ing 
phenomena of groirth, as are also certain jointed plant organs 
which attain their heliotropic orientation without phenomena 
of growth. 

Although I do not consider my study of animal heli* 
otropism ended with this paper, yet I think I have shown 
tlmt the heliotropism of sessile animals is essentially identi-^ 
cal with the heliotropism of sessile plants. 





Ill 

ON INSTINCT AND WILL IN ANIMALS» 

1. In the biological literature one still finds authors who 
treat the "instinct" or the "will" of animals as a circum- 
stance which determines motions, so that the scientist who 
enters the region of animated nature encounters an entirely 
new category of causes, such as are said continually to pro- 
duce before our eyes great effects, without it being possible 
for an engineer ever to make use of these causes in the physi- 
cal world. "Instinct" and "will" in animals, as causes 
which determine movements, stand upon the same plane as 
the supernatural powers of theologians, which are also said 
to determine motions, but upon which an engineer could not 
well rely. 

My investigations on the heliotropism of animals led me 
to analyze in a few cases the conditions which determine the 
apparently accidental direction of animal movements which, 
according to traditional notions, are called voluntary or 
instinctive. Wherever I have thus far investigated the 
cause of such "voluntary" or "instinctive" movements in 
animals, I have without exception discovered such circum- 
stances at work as are known in inanimate nature as deter- 
mining movements. By the help of these causes it is pos- 
sible to control the "voluntary" movements of a living ani- 
mal just as securely and unequivocally as the engineer has 
been able to control the movements in inanimate nature. 
What has been taken for the effect of^^wilV^ or ^''instinct'*'* 
is in reality the effect of lights of gravity, of friction, of 
chemical forces, etc. The following may be added by way 
of fuller explanation : 

iPßüoera Archiv, Vol. XLVII (1893), p. 407. 
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The position which the tnbe of Spirograph is Spallanzanii 
assumes in space is euch, as we have seen, that the animal 

turns its oral pole toward the light, and put^ the axis of its 
radial gills into the direction of the rays of light. The direC' 
Hon of the ratßs of light is the comlUhn irhick determineB 
the oricmtation of these unimais tmequivocaUi/. If the ques- 
tion should arise as to how to hold a gr^at number of living 
Spirographes continually and vohtntarilif in a definite 
jM>sition in space, this could be done, as our investigations 
have shown, by simply allowing the rays of light to fall u^xm 
the animals in the direction which we wish the animals to 
assume end hold. If anyone endeavors to compel Spiro- 
graph is to assume a definite spatial orientation either through 
**instinct-' or *'wilL" he will bo obliged to seek the aid of 
the rays of light in order to obtain the desired result, even if 
he afterward believes that, beside, before, behind^ after» or 
between the light rays the ^'instinct'" or "'will" of the aoi- 
mal co-operated with the light to briug about the move- 
ment. He will further bo able to eonvinco himself that the 
direction of the light, if sufficiently intense, is alotw and 
nftcfjttivoraUif able to determine the orientation. 

The direction o£ the "voluutary'' movements of the 
winged plant lice is determined by the direct urn of the rays 
of light. The animals are forced to turn their oral ix>les 
toward the light and to move in the dinxtiim of the rays of 
light» If the animals are intrmluced into a tran8|>arent 
vessel, they live and die on the side uf the vessel which is 
turned toward the light. If anyone should wish to force 
these animals to move in a fixed direction toward a definite 
point '* voluntarily," he knows now how this may Ije accom- 
plished- He need only allow snflSciently intense light to fall 
upon the animals in the direction in which it is wished that 
they should go. 

As ifl well known, the direction of the rays of light, par* 
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ticularly that of the more refrangible ones, determines also 
the orientation of the organs of a plant. By the help of 
light the botanist controls the orientation of a plant at will. 
Why should he maintain that the "will" or the "instinct" 
of the plant co-operates with the rays of light when the 
orientation is determined solely and unequivocally by the 
latter ? The movements of an animal toward the light are, 
however, as I have shown, identical point for point with 
the movement of a plant toward the light. Wherever the 
orientation of plants has been satisfactorily controlled experi- 
mentally, light has, indeed, been considered the sole deter- 
mining factor ; but in the case of animals, in which in similar 
experiments light is without doubt also the sole determining 
factor, "instinct" and "free will" have still been considered 
to play a role. 

Just as the direction of the rays of light (particularly that 
of the more refrangible ones) is the essential factor in the ex- 
amples described above, and in many others given in my 
papers on heliotropism, so in other cases it is gravity, in others 
again contact with solid bodies, in still others chemical forces, 
etc., which determine the movements of the animals. 

2. In order to state the cause which determines in each 
instance the "voluntary" movements of an animal, I desig- 
nated the movements by their external cause. I spoke 
therefore, as has long been the custom in plant physiology, 
of heliotropism when the direction of the rays of light 
determines the direction of the movements of an animal or 
its orientation ; of geoiropism, when gravity, or of sivreoU 
ropism, when contact with solid bodies, determines the 
orientation or the movements ; etc. 

A zoologist asked me reproachfully what had been gained 
by designating as "stereotropism" what had been designated 
as "instinct." I was discussing the fact that certain ani- 
mals creep into the crevices of solid bodies, and the zoologist 



110 



Studies ik Gtenebal Physiology 



was of the opinion that the animal behaves thus through 
** instinct." If a physicist finds that liquids rise in a capil- 
lary, or that on© liquid forms a convex wh lie another a concavoi 
meniscus in a glass tube, he will be less easily sat isfied than the 
zoologist, according to whom everything is done through 
"instinct" The physicist will endeavor to discover more 
precisely what conditions underlie the phenomenon. This, 
it seems to me, is also the problem of the biologist — a prob- 
lem which 13 not even recognized, much less solved^ btf 
sailing the cause of such or suck a motion is an *^ instinct. ^^ 
From a biological stamlpiint one would at first take it for 
granted that light causes animals to creep into crevices* 
But I was able to show that the animals creep into the 
crevices between solid bodies even when the soUtl bodies are 
perfevMij transptircnt and are exposed to a strong light; 
secondly, that the animals behave in a similar way when 
put in a perfectly dark room. Light is not, therefore, the 
physical cause which determines this phenomenon, I proved 
this for Forficula» ants» the larvee of Musca vomitoria, etc. 
Plateau had previously established this fact by a similar 
experiment npou Crypt ops, with which I was not familiar at 
that time, however. The animals creep into narrow crevices^ 
therefore, not because of the light, but because they are 
forced to bring as much of their boilies as possible in contact 
with solid bmlies. The friction and the pressure produced 
by the solid bodies are therefore the determining cause* This 
view, that light has nothing to do with the phenomenon, but 
that it is the friction produced by contact with sulid todies, 
has this advantage over the traditional phrase *' It is instinct," 
that pressure and friction are physical agencies which, like 
light, can be controlled quantitatively and qualitatively, and 
by which we can prescribe unequivocally the *' voluntary" 
movements and the ** voluntary" orientation of an aniniai 
I will here add that, while there are a large number of 
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animals which are forced to bring their bodioa in contact, 
with solid objects on all sides as far as possible, there 

are others which show exactly the opposite form of irrita- 
bility and immediately draw themselves away from a solid 
body with which they chance to have come in contact- To these 
belong the Nauplii of Balanus perforatus, the tiny Mysideie 
of the Bay of Naples, the gills of Spirograph is Spallaii- 
zanii, etc. That that form of irritability which I have 
called **stereotropism'' plays a prominent role in Ufe- 
phenomena, however, follows from the fact that the entrance 
of the spermatozoon into the egg (as shown by the in%*esti- 
gations of Dewitz') is governed by this form of irritability, 
and that the migration of leucocytes is likewise determined 
largely by contact -irritability, I have, moreover, inciden- 
tally found, in my investigations on the influence oC external 
atimidi upon the form of the body, that stereotropism influ- 
ences not only the shape, but also the size and velocity, of 
the growth of certain organs. These investigations were 
made upon Hydro ids. I succeeded in producing ^/erro/ro/j/c 
curvatures (away from solid bodies) in certain organs with 
the same certainty that I produced heliotropic curvatures. 
Certain organs, when not in contact with solid bodies, 
attain, within the same period of time and under otherwise 
similar conditions, only one -tenth the Ipngth which they attain 
when in contact on one side with a solid body. It is for 
these reasons that I have made no mistake and performed no 
useless task in calling attention to the importance of this 
contact-irritability in the animal kingdom, to which I have 
found it necessary to give a sjieeial name. 

3. I have thus far given only examples in which a single 
source of stimulation determines the "voluntary^' movements 
of animals. But in a large number of cases the movements of 
animals are not dependent upon one cause of stimulation 

iDEWiTZ, Fßügera Archw, Vf>l. XXXVTl. Seer also MAatiAitT, Bulletin cte 
TAcadimie rvj^afe de Belgiqut (Br^JteUes, ifiMi). 
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alone; more frequently several causes co-operate, and the 
movements whieh are produced in this way, the cause of which 
is again sought by many in the ''will" of the animal, are 
only the resultant of various causes operating at the same 
time. In very intense light the full-grown larvae of Musca 
vomitoria move away from the light in the direction of the 
liglit rays: they pass by a piece of meat lying in their way. 
If the light is sutficiently weak, however, the chemical influ- 
ence of the volatile substances arising from the meat ex- 
ceeds the orienting influences of the light and the lar^-© crawl 
to tlie meat. With other animals which are still more sus- 
ceptible to chemical Btimuli — as, for example, the male 
Lepidoptera, which, as is well known, are attracted to the 
female from great distances entirely through the effect of 
chemical stimuli — lieliotropism may be entirely masked by 
these chemical stimuli. It is not always an easy matter to 
say, from the movements which an animal always executes, 
what are the conditions determining these movements. 

4, Another complicatiug circumstance is still to be added. 
Life-phenomena are phenomeüa of irritability; i. *»., they are 
not de|>endent solely ujion the external causes acting upon 
the organism at a given moment, but upon these and the 
conditions present within the organism taken together j and 
the latter conditions are in themselves variable. The study 
of animal heliotropism revealed the fact that one and the 
same animal may react differently toward the light during 
different periods of its existence. The caterpillars of Por- 
thesia chrysorrhoea after having fasted through the winter 
are energetically jxjsitively heliotropic. After the animals 
have eaten, heliotropism may still exist, but intense Hght, 
which formerly determined their movements with definiteness^ 
has no more effect ui>on them than did quite weak light 
previously. Plant lice become sensitive to light — that is to 
say, positively heliotropic — only after they have fed; the 
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larvaB of Musca vomitoria are energetically negatively helio- 
tropic only when fully grown, etc. In ants sensitiveness to 
light is, as I have shown, connected with sexuality. The 
males are more sensitive than the females ; at the time of the 
nuptial flight the males and females become energetically 
heliotropic, while the so-called workers remain practically 
uninfluenced by the light. There must also be mentioned 
the change which occurs in the sense of heliotropism of many 
animals in different stages of their development. The full- 
grown larva of Musca vomitoria is negatively heliotropic; 
yet the sexually mature insect is positively heliotropic. 
Such a behavior is quite widely distributed. 

Finally, it is not infrequently possible to change at will, 
through the influence of light, positively heliotropic animals 
to negatively heliotropic animals, and the reverse. The 
larvae of Balanus perforatus, the larvae of certain worms, and 
indeed a large number of other animals, become positively 
heliotropic when they are left in the dark for a long time. 
If they are brought into light of sufficient intensity, they 
become negatively heliotropic after a time, and this the more 
quickly the more intense the light. 

We do not, therefore, always meet with simple conditions 
in analyzing the causes which determine the "voluntary" 
movements of an animal; but, however complicated they 
may be, the "voluntary" movements of animals are never- 
theless, as our experience indicates, always unequivocally 
determined only by such circumstances as determine also 
the movements of bodies in inanimate nature. 

5. To be sure, many of the authors who oppose my con- 
clusions would protest if it were said of them that they hold 
the "will" to be something which cannot be explained on 
physical or chemical grounds. But if some physical agency is 
pointed out which prescribes unequivocally the orientation 
of an animal body or the direction of its movements, which 
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were formerly believed to be determined by the ''will" of 
the animal, the authors are still dissatisfied. They did not 
doubt that ultimately a physical solution of the question 
would be found, but they expected something more sublime, 
something which is more closely related to the mysticism of 
the ganglion celb. Of course, our knowledge of the process 
is not exhausted when it is prove{l that the direction of the 
rays of light prescribes the direction of the progressive move- 
ments of HEematococcuB swarm-s|x>res or the Nauplii of 
Balanus; just as little as the knowledge of the chemical 
effects of light is today exhausted. Yet no one will sny 
that ** instinct" is the determining circumstance in these 
physical phenomena. 

6* Just as the past generation of physiologists felt it 
to be a handicap that instead of looking for the causes of 
life-phenomena, investigators were satisfied with the phrase, 
"Tlie vital force ia the cauiie," so it is a haudicap to us that 
within the more limited sphere of the so-called psythic life- 
phenomena the influence of this scholastic method of think- 
ing has survived to the present time. The handicap lies in 
the fact, that if one says that ** instinct"' or "will" deter- 
mines a motion, the true problem involved is ignored or 
concealed. This true problem is the analysis of the circum- 
Btances which in each case determine unequivocally the 
** voluntary" movements of an animal. It was the object of 
this pa{ier to point out that we must endeavor to solve this 
problem with as little concern for *'iustinct'' and *'wiir' as 
for "vital force-" 





IV 
HETEROMORPHOSIS » 

I. INTRODUCTION 

It is well known that a number of animals possess the 
power of forming a new organ in the place of an organ which 
has been lost It has always been taken as a matter of coarse 
in animal physiology that the regenerated organ is neces- 
sarily identical in form and function with the one which has 
been lost. The experience of the botanists, however, shows 
that this does not hold true in the case of plants, and a few 
sporadic observations upon animals — which, however, have 
not been taken into consideration for this problem — seemed 
to suggest that similar conditions might be found in animals. 
I have undertaken the task of finding out ichether and by 
what means it is possible in animals to produce at will in 
tlie place of a lost organ a typically different one — differ- 
ent not only inform^ but also in function. It is my purpose 
to report the results of these experiments in the following 
pages. 

The organs which I tried to substitute for each other in 
these experiments are the oral and aboral poles (head and 
foot). I have succeeded in finding animals in which it is 
possible to produce at desire a head in place of a foot at the 
aboral end, without injuring the vitality of the animal. The 
animal shown in Fig. 16, a Tubularian, has by artificial means 
been so altered that it terminates in a head at both its oral 
and aboral ends. If, for any reason, it were necessary to 
create any number of such bioral Tubularians, this demand 
could be satisfied. In another Hydroid, Aglaophenia pluma, 

1 Warzbarff, 1891. The pamphlet is dated 1391, althoajrh it appeared in 1830. 
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it ia poBsible ao to cliange the form of the animal that it ter- 
niinates at both ends either in oral (Fig. 17) or aboral poles, 
and yet contimies to live. On the other hand, I have found 
animals in which all attempts at the transformation of organs 
have thus far been unsuccessfnL To this group belong 
Cerianthus membraiiaceus and many other Actinians, I 
succeeded, however, in bringing about a permanent change 
of form in one of these animals (Cerianthus membranaceus), 
in which I was able to cause the growth of any number 
(within certain limits) of months, one above the other^ in one 
and the same animal. 

The regeneration of lost organs in animals has often been 
made the subject of study, usually, however, only to see 
which organs can be regenerated, and further to study more 
closely the anatomical or Listological details of the process 
of regeneration. But it has rarely been considered that 
these phenomena can give us an insight into the conditions 
that control the morphogenesis of animals. Where this has 
been done, it has almost always been w^ith the intention of 
showing that under all conditions only one and the same 
organ grows from any definite j>oiut on the animal 

Allman" was jierhaps the fii"Bt to define this sharply as a 
law of the formation of organs. From the well-known 
experiments of Trembley/ Dalyell," and from his own obser- 
vations, he furmnlated the theory of the *'i>ülarity" of the 
animal bfxly. Allman cut pieces from the stem of Tubu- 
larians and marked the end which had been directed toward 
the head of the animal* Even though this cut end was mor- 
phologically entirely similar to the other, yet a head was 
formed onlf/ at this oral eml^ while no head was formed at 

iQEofiOfi J> Al^LMANt Report of the BriH*ti Atm>tfi€Uitm for the AdvancemefU 
BfScienci\imi. 

^'A. TaKHBi^eT, MSnioirea pour aervir d thii^oire iVwm genrt d^ potjfpet if'eclH 
douce ä brtJts en forme de rcmet (Lelde^ 1744). 

sj« Q. I)Ai.Y£LL, Rart and Benmrkatflc Anifmiia qf ScoUand (Looduu, IMIU 
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the opposite end. That Allman chose the name "polarity" 
for this behavior Buggests the possibility that he may have 
thought of the analogy of this fact to the behavior of a mag- 
net; for a fragment of a broken magiiet always has a north 
pole at that end which in the original magnet was directed 
toward the North Pole. If however, the book of Dalyell is 
subjected to a close scrutiny, it is found that this author 
occasionally (at two or three places in the book) mentions 
observations which do not harmonize with the theory of 
polarity. In these cases, however, Dalyell lielieved that he 
was dealing with accidental monstrosities which this careful 
and patient ot>server did not consider of sufficient impor- 
tance to follow out experimentally, or to take into considera- 
tion for a theory of organization, 

W, Marshall^ builds on AUmfiu's theory of polarity in 
his experiments Uj>on Hydra. When Hydra vulgaris is cut 
into pieces» "one is stmck most forcibly with the extraordi- 
nary polarity of the animal, in consequence of which new 
tentacles and a new month are always formed at the oral 
edge of the cut piece '^ {p. 698). 

Ä further expression of this idea ia found in Nussbaum's 
papers on "The Divisibility of Living Matter/'^ Nussbaum 
found that when a piece is cut from an Infusorian, new cilia 
develop from the edge of the wound in the same number 
and in the same position that they occupied before the 
injury. He goes even farther than Allman and concludes that 

Every miaut« particle of living protoplasm is oriented; otherwise 
we could not understand the iBgrdar appearance of new cilia at 
definite points when the infuaorian has been divided- Just as we 
cati distin^^sh in an infu.'^onau l>etvveen the anterior and the pos- 
teriory ri^ht and left, and dorsal and ventnil siu-faces, so each 
miuute particle of protoplasm must likewise be orienteil according 
to the three axes in ^npace» 

IW, MAHJffALL, Ztittrhrifi füT wi^terutfhaftlichf 2^>o*o;?ic, Vul. XXXV 11 (1S82), 
)U. Ncj^äB/LLM^ Archiv/ür mikrotcopUcke Aftaiomiü, Yü\s. XXVI and XXIX« 
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Almost all the nmiierous other authors who have worked 
upon the regeneration of organs in animals also regard it as 
self-evident that the regenerated organ must b€ identical 
with the lost organ in form and function* The facts which 
I shall bring forward in the following pages will show, how- 
ever, that this theory is certainly too narrow» For I suc- 
ceeded in doing away with "polarity" first of all in that 
very animal upon which A 11 man based his theory of 
** polarity'' — ^ namely, in Tubular ia. 

One of the first authors who concerned himself with 
the study of the phenomena of regeneration, Charles Bonnet, 
looked upon them in a less biased way than did Allman. 
Bonnet, to whom Trembley had very early communicated 
the fact of the phenomenal regenerating power in Hydra, 
attempted to convince himself of the truth of Trembley's 
ßtatementö; since, however, he was unable to obtain Hydra, 
he tried whether similar results could not be obtained upon 
worms* Bonnet used two species of worms in his experi- 
ments. In the first s|>ecie9, which he designates as vers 
rougeätres^ he found the conditions which are typical for 
Hydra, and which corresjKjnd to the theory of ''polarity/' 
If the head of such a worm was cut off, a new head was 
formed at the cut end; when the tail was cut off, a new tail 
was formed at the point of section. If the head and tail 
were both cut off, a head was formed at the oral end, and a 
tail at the aboral end- In a second species, the vers 
blanchätres, the results were not bo regular. When only 
the head or tail was cut off, the lost part was always 
regenerated. If, however, a piece was cut out of the middle 
of the worm, it happened that such a piece formed a tail at the 
oral end, instead of a head* Bonnet observed this three times*' 

I have found no reference in the literature which would 
indicate that these observations of Bonnet have ever been 
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repeated and confirmed. I am not in a position to state 
whether they are correct or not. 

The theory given by Bonnet is in some points similar to 
a theory brought forward by Duhamel in his Physique des 
arhreSy and to which Sachs goes back in his papers on 
"Stoflf und Form der Pflanzenorgane."' 

Bonnet believes that just as there are specific germs for 
the development of the entire animal, there are also special 
germs for the development of the various organs ; he assumes 
the existence of certain head germs and certain tail germs. 
In order, however, that these germs may develop, they must 
be particularly well nourished. Their nutrition is accom- 
plished, as in plants (according to Duhamel), by various 
kinds of saps, one of which serves for the nutrition of the 
head, while the other nourishes the tail. The latter flows 
from head to tail, the former in the reverse direction. If, 
now, the head is cut oflf, the saps which heretofore served to 
nourish the head, can now be utilized for the nutrition of 
the head germs, and the latter begin to grow out at the cut 
oral end into a new head. In a similar way the tail germs 
may begin to grow when the tail is cut off. It is assumed 
that the tail germs and the head germs are distributed 
evenly throughout the body of the vers rougeätres; for this 
reason a head must always grow from the oral end of a 
fragment cut from any portion of the animal, while the 
aboral end must always give rise to a tail. Upon the other 
hand, in the vers hlanchätres the head germs are found 
only in the neighborhood of the head, while the tail germs 
are distributed through the entire body. For this reason 
the worm regenerates a new head when the head is cut oflf, 
while a new tail is formed at either end when a piece is cut 
out of the middle of the worm.^ 

^Arbeiten des botaniächen Institut» in Würzburg j herausgegeben von Sachs, 
Vol. II (11)82), pp. 452 and 689. 

sCh. Bonnet, Considiration mr Ica corps organisis^ Art. 259 £F. ; (Euvres (Neu- 
chAtcl, 1779) . Vol. VI, pp. 48 flf . 
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I shall not tÜBCUsa the importance of the theory of Bonnet 
I only mention it here because it takes into consideration 
tht* fact that eomotiiues a tail may be formed instead of a 
bead^ which is not done in Allman's theory of polarity, 1 
shall avoid all theoretical discussions in this pajier^ and con- 
fine myeelf to the task of showing whether and how it is 
possible to cause with certainty in an animal the growth of an 
aboral jiole in the place of an oral one, and rice vvrsu^ at will 

For the formation of an organ which in form and function 
is different from that which has been lost I shall use the 
term keleromorphosis. By the term regeneration I under- 
stand the replacement of a lost organ by one which Is 
identical with that which has been lost. 



IL HETEROMOBPHOSIS IN TÜBÜLABIA MESEMBBYANTHEMüM 

A layman would be in doubt as to whether he should call 
a specimen of Tubularia mesembryauthemum a plant or an 
animal From a much-branched system of roots (or stolons), 
which are attached to a solid substratum, arise numerous 
delicate unbranched stems, several centimeters high, which 
end in polyjjs that are usually red and look very much like 
flowers. These poly|)s take up and digest the food for the 
animal. The animals belong to the class of Hydroids and 
are found in great numbers in the Bay of Naples. 

The zoologists have develo{)ed a very com]>licated ter- 
minology for the individual organs of the Hydroids, which 
may be very useful in pureltf descriptive morphology, but 
does not take into consideration the forms of irritability of 
the various organs. Causal morphology, which attempts to 
discover the circumstances that determine foi-m, has to con- 
sider first of all the irritabilities of the individual organs. 
For the purposes of the physiologist it is therefore necessary 
to take these into account in describing and naming the 
various organs. 





I distmguish in Tubularia, accordiog to the differences 
in irritabilfty, bt?tween the stems and the root- By the root 
is nnderstood that part of the Tubulariao which is endowed 
with a special contact-irritabilitj (stereotropism), by virtue 
of which it attaches itself to solid bodies and keejjs the 
animal in a fixed position. By the stem is understood that 
part of the animal which bears the sexual elements and the 
polyps, and which is endowed with the opj>osite irritability, 
in consequence of which it grows away from the substratum 
to which the animal is attached This simple terminology, 
which is based upon the irritability of the organs, will 
suffice for our purposes. Of the entire animal only the 
polyps can move spontaneously ; the stem is immovable. If 
we cut a piece out of a stem, we must discriminate between 
its oral and aboral ends, according to the orientation of the 
piece in the original uninjured animal. The oral end is 
that which was originally directed toward the polyps, the 
aboral end, that which was directed toward the root, I 
flhall now describe the main es|)eriuients individually, 

1* I cut off the roots and polyps of a series of stems, 
and put thesy mutilated stems with their aboral ends ver- 
tically into the sand suÖSeiently deep to keep them in a ver- 
tical position. At the free oral eufkj which were surrounded 
on all sides by «ea-water, new polyps were formed in a short 
time — at the proi>er tem|jerature and with favorable B[>eci- 
mens within two days, Tht*se corresponded in form with 
the old polyps. No growth took place at the ends which 
were buried in the sand, no matter how long the observations 
were carried on (in some instances for several months). 

When I put stems with their oral ends in the paud, a 
polrßp fuas formed ni the free, ahontl pole. In favorable 
casea this was formed in a few days. Keither a polyp nor a 
root was formed at the oral end, which had Ix^en co%*ert*d by 
sand, no matter how long I continued my observations. 
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Cofärartf to ike iheorif of the " polar if f/"^^ of the animal 
hodifj therefore^ frag mefds of Tubuluria mesemhryanthcmum 
are able to form poltfpa even at ihetr ahoral eiitls. 

2. I supported pieces cut from the stem of Tubularia 
niesembrj^anthenium in such a way that both cut ends were 

surrounded by water- To do this I bu{> 
ported them in the meshes of a long wire 
net, or in the holes of a metal plate set up 
Iv in the aquarium for this purpose, Polt/ps 
were formed at both fheoralandiheaharal 
entla of ihe fragments, so that the stem 
iermmated in a head at each end. Fig, 
lt> represents such an animal sketched from 
life and enlarged twice* ab is the piece 
removed from the old Tubulariau. Polyps 
were formed at both ends, and the stem 
then grew in length from hfith endi?, ao 
and bd are the new piet-ea that grew after 
the formation of the i>olyp8, 

I have in this way been able to produce 
at any time any number of animals which 
terminate in an oral pole at each of the two 
ends of their bcxly* I shall hereafter 
designate animals whieh terminate in a head 
at eaeh end biorul animals. 
I would particularly emphasize the fact that such an 
animal remainä bioral for the rest of its life. It is a 
well-known fact that in a normal animal the oral polyp is 
lost spontaneously after some time, and that a new one is 
formed sooner or later in its place. In the case of the bioral 
animals a constant blooming, shedding, and reap|iearauce of 
the iK>lyps occurs, not only at the oral end^ but also at the 
ahoral end, during the eidire duration of their life. 

3. I was able, therefore, not only to cause the develop- 
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ment of a head at both ends of the fragment of a stem, but 
also to prevent the formation of a head at will, by simply 
patting this pole into the sand. When both poles are put in 
the sand, no head is formed at either end. If one of the 
poles which has been in the sand for some time, and on 
which the formation of a head has been prevented in this 
way, is pulled out of the sand so that it is again surrounded 
on all sides by water, a head may form at this end. If the 
animal is covered only by an exceedingly thin layer of sand, 
a polyp will still * be formed which makes its appearance 
between the grains of sand, much as the stem of a ger- 
minating seed may grow through a thin layer of earth. 

One of the poles of a piece of a stem was pushed between 
two slides laid upon each other and held together by thin 
rubber bands. Needles were placed between the two slides, 
and one end of the stem of the Tubularian was laid in the 
wedge-shaped space thus formed. In this way the end was 
subjected to slight pressure. No polyp was formed at the 
end subjected to this slight pressure, no matter how long I 
waited; while at the other end, which was not pressed upon 
and was surrounded by water, a polyp was formed in the 
usual time. When the piece was removed from between the 
slides, a new polyp frequently developed at the end that had 
been subjected to the pressure. That light is not necessary 
to the formation of a polyp was proved by the fact that 
pieces of Tubularian stem will grow new polyps in a dark- 
ened vessel. The experiments described were made in well- 
aerated aquaria. 

4. When the polyps and the roots are cut off from long 
stems of Tubularia mesembryanthemum, it is found that the 
new polyps are always formed one, two, or three days earlier 
at the oral than at the aboral end. I believe that the cause 
of this phenomenon, which may be considered as an intima- 
tion of "polarity," lies in the fact that when long pieces are 
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cut from the stem, the lumen at the cut oral end is usually 
wider than that at the aboral end; for when I cut from the 
middle of the stem shorter pieces, which showed no difftir- 
ence in the diameter of the lumina, a polyp often formed 
earlier at the aboral end than at the oraL 

5. The size of the newly formed pf^Iyp also depends to a 
certain extent upon the diameter of the stem at the cut end. 
When the diameter waa very small, the I>olyp was also very 
small; when the diameter was large, the polyp was also 
larger, 

6, It might still he imagined that, besides the mechani- 
cal factors thus far considered, a physiological factor might 
also play a role. It might be thought that the substance of 
which the I>olyp is formed is present in a larger amount at 
the oral than at the aboral pole. To test this point I chose 
a large number of very long Tubnlariau stems that had been 
cut off close to the rootB, and at the cut ends of which polyps 
had been grown. I bisected these stems transversely, and 
kept the oral and aboral halves in separate beakera. If the 
substance required for the formation of the polyps were 
unequally distributed in the stem, then the one series of 
fragments should have formed poly [is sooner than the other 
series. T 1 lis waa never the case; but ^ as was again noted 
— every fragment formed a jjolijp sooner of its oral thau at 
its ahortil emit even though the difference in time often 
amounted to only one half-day or less. 

7- While I have always succeeded — with suitable mate- 
rial, and with the ex^x^riment under the proper external con- 
ditions— m luuking a head grow at the aboral end of the 
stem^ I have thus far not yet sttcceeded in making a root 
grow at the oral end of a stem. When I cut off the stems 
close to the sul^stratum to which the rriots were attached 
and brought tlie aljoral ends in contact with the walh of the 
aquarium^ the end, when it grew at all, attached itself to the 
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solid body and became a root; however, whcii contact with 
the wall of the aquarium was broken so that water sur- 
rounded the root on all sides, a polyp was formed also at the 
end of the root. In my further experiments I shall try to 
find conditions under which the animal will form roots at 
both poles with just as great certainty as it now forms heads. 
From the experiments thus far discussed, I can only con- 
clude that the formation of polyps in Tubularia mesembry- 
anthemum can be brought about much more easily than the 
formation of roots. 

III. THE LIFE-PHENOMENA OP THE ORAL POLE OP TUBU- 
LARIA MESEMBRYANTHEMUM 

Doubt might arise as to whether the two heads of a bioral 
Tubularian manifest the same life-phenomena ; as to whether 
the two morphologically equal poles are also identical physio- 
logically. I shall show that this is, indeed, the case, and in 
doing so shall dwell a little more upon the differences in the 
irritability of stem and root. 

1. The stem and root of Tubularia mesembryanthemum 
have an entirely different contact-irritability. If the root is 
brought in contact with a solid body, it attaches itself to it, 
and in its further growth remains closely attached to the sur- 
face of the solid. If an attempt is made to lift the stem 
from the solid body, it tears off close to the root, the latter 
remaining attached to the base upon which it grew. The 
polyp has exactly the opposite irritability. When the polyp 
comes in contact with a solid body — for example, when the 
stem lies horizontally upon the bottom of the aquarium — it 
soon grows away from it. The growing region of the stem 
(which is situated close behind the polyp) becomes convex 
against the solid substratum. 

This (stereotropic) bending occurs onhj in the groioing 
part of the stem, and persists when growth has ceased, just 
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as do geotropic or heliotropie curvatures in many growing 
plants, To bring about this stereotropic curvature it is 
necessary that the polyp itself should come in contact with 
the solid body. If any part of the stem alone comes in con- 
tact with the solid, no bending occurs, even though the 
growing part of the stem, close to the polyp, touches the 
solid. The contact- irritability of the polyp is opposite in 
kind to that of the stem ; the stem is positively, the polyp is 
negatively, stereotropic. 

The negative stereotropism of the polyp may be clearly 
demonstrated in the following simple manner; Beheaded 
Tubularians were fixed in a beaker half-filled with sand in 
such a way that one end was fired in the sand, while the 
other end just touched the side of the vessel. As soon as 
the new polyi>s were formed and the Hydroids began to 
grow in length, the tips of all the stems bent away from the 
glass sides of the vessel. The direction of the rays of light 
had no effect upon this process. 

In all these ejoperhncnis iJu^ polyps formed at the aboral 
end behaved exactly like those formed at the oral efuL 

2, I have not succecKled in bringing about either helio- 
tropic or geotropic curvatures in Tnbularia mesembryanthe- 
mum. When I fastened the stem in the middle, and when 
both ends were surrounded by sea*water on all sides> the 
stem of the bioral Tubularian continued to grow in the 
direction of the old piece ; it mattered not whether it lay in 
a vertical or in a horizontal position, or in which direction 
the light struck it. This is a remarkable fact, for, in looking 
at a colony of Tubularians, one might easily be led to 
think that they possess heliotropic or geotropic irritability^ 
as the stems of such a colony upon the surface of a solid are 
all arranged in the same way. Yet the similarity in the 
orientation might be determined in the main by their 
contact-irritability. The oral ends of the young stems 
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grow almost perpendicularly away from their substratum. 
If, in addition, the separate stems stand very close together, 
as is usually the case, the contact of the polyps with each 
other influences their orientation. This has the same effect 
as would be brought about by causing each separate polyp 
to grow in a narrow hollow cylinder. The individual stems 
must thus not only grow away from the surfaces to which 
they are attached, but they must grow away from it in 
approximately straight lines. 

3. Daly ell has observed in Tubularia indivisa — a form 
very similar to Tubularia mesembryanthemum — that the 
polyps drop oflP after they have existed a certain length of 
time, and that after a longer or shorter period new polyps 
are formed in their places. As soon as a new polyp has 
been formed, the stem begins to grow in length immediately 
under it. The growth continues as long as the polyp exists; 
as soon as it drops oflF, growth ceases.^ 

I observed the same condition of growth in Tubularia 
mesembryanthemum. The longitudinal growth of the stem 
was continued to a region just beneath the polyp, and it 
continued as long as the polyp existed; when the latter 
dropped ofif, growth ceased; when a new polyp was formed, 
the stem again grew in length. In the bioral polyps an 
increase in length occurred simultaneously at both ends of 
the stem, so that these stems reached a much greater length 
in a shorter time than any of the normal specimens that 
were ever brought to me by the collectors of the Zoological 
Station in Naples. That the stem grows in length close 
behind the polyps at both ends of the bioral animal is 
clearly shown by the fact that the newly formed part is thin 
and transparent, and thus can be readily distinguished from 
the older opaque portions of the stem. Therefore in its 
growth also the ahoralj)ole of Tubularia behaves like the oral. 

1 Rare and Remarkcible AnimaU of Scotland (London, 1847). 
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4- I did not succeed in observing the polyps in the 
process of taking up food, Yc^t I have noticed in both the 
oral and the aboral polyps the same sudden closure of the 
tentacles which occurs in Actinians when they seize their 
food and swallow it, I shall show later in Actinians that 
heads which have been newly formed in abnormal places 
behave like normal heads in the matter of taking up food. 

IV. THE DISCREPANCY BETWEEN ALLMAN'S THEORY OF PO- 
LARITY AKD THE BEEAVIUB UF TUBULABIA MESEM- 
BBYANTHEMUM 

1, I mentioned in the introduction that AUman based 
his theory of polarity on observations made upon Tubularia. 
The discrepancy between Allman's ideas and my observa- 
tions compels me to enter into a more detailed discussion of 
his theory* 

The passage in Allman's treatise which is of interest to 
ns is the following; 

There is thua manifested iu the formative force of the Tubn* 
laria stem a well-marked ]Kilarify, which i^ rendered very apparent 
if a segnieut lie cut out from the center of the stem. In this case, 
tto matter in what position the segment may be, that end of it 
which was direct fxl downward or proximal ly, while it formed a 
part of the u a mutilated hydroid, will iwver develoj) a polypite, but 
will estetjd iti^elf as a simple prolongation of the ccenosiLrc; while 
the upper or distal end, instead of l>ecoming simply elongated, will 
shape itself mto a true polyp ite; and all this is true, though of 
coui'so not the least difference in structure or form can Ije detected 
between the two extremities at the time of section.' 

* Allman adds in a note that the observations of Dalyellj 
who made numerous regeneration experiments upon Tnbu- 
laria indivisa, are in pierfect accord with his own. By 
reading DalyelPs paper one, indeed, finds the same idea 
expressed as by Allman, although the term " polarity ^^ is 
not used. It might be thought that Tubularia indiTisa, upon 

iLo*\ a Li tip* 392 ff. 
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which Allman and Dal yell oiperimented, behaves typically 
differently from Tabularia mesembryanthemum, upon which 
I made my experiments. A certain difference Beems, in- 
deed, to exist, Dalyell states that the stem of the Tubularia 
indivisa bends upward, when laid horizontally; this I have 
not observed in Tubularia mesembryanthemum. 

Yet I do not believe that the canditions determining the 
form of Tubularia indivisa differ in principle from those in 
Tubularia mesembryanthemum. For Dalyell notes that he 
once observed the growth of polyps from both ends of a 
piece cut from the middle of a Tnbularia indivisa* *'It 
may be conjei»tnred that the summit of both had ori^^inally 
constituted a single embryo, which by partition developed 
into two, becoming progressively symmetrical in maturity/'^ 

To explain the formation of a liead at both ends of the 
stem in the single case just described, Dalyell therefore 
assumes that the new head divided in the course of its 
development. Such a division would, in consequence, always 
have to occur in the case of Tubularia mesembryanthemum, 
which without exception forms a head at both ends^ if both 
ends are surrounded by water and have a sufficiently great 
diameter, and a dividing embryo would therefore have to 
exist in every piece of the stem of Tubularia mesem- 
bryanthemum. Even if one were willing to consider this 
hypothesis, it yet could not be made to harmonize with 
Allmau's theory of jwlarity; for, according to this theory, 
both embryos would necessarily have to develop always 
at the same end, namely, at the oral one j yet I have never 
found two heads to develop here side bif side, 

2- I might mention that it is possible apparently to ob* 
tain such results in Tubularia mesembryanthemum as All- 
man describes, if the stems used in the experiments are cut 
off close to the root, and if care is taken, in choosing the 
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Bpecimens, to select only those which are yery thin at the 
base. Such a selection might easily be made accidentally in 
an experiment. In thie case one might notice that pcjlyfio 
arise only at the oral end, especially if the experiments are 
not continued for a very long time. Just as Allman regards 
such a behavior as the expression of polarity in the animal 
body, some botanists speak in analogous cases of *' mor- 
phological forces." I believe that the ''morphological 
force" which decides that a polyp forms first at the oral 
end of a Tubularian segment is essentially nothing more 
than that the diameter of the tul>e is very small at the 
aboral end of the stem. Yet I prefer not to enter into 
a discussion of such hypothetical things in this paper. 

V, HETEBOMORPHOSIS IN ÄOLÄOPHEBJU FLUMA 

While in Tubularia w© dealt with but a single stem which 
under ordinary conditions ends in a root at one end and in a 
pt>Iyp at the other, we have to deal in what follows with 
colonies of animals. The place of the head is here taken 
by a more or less ramified stem possessing many polyps. 
At the other end is formed a root (as in Tubularia). We 
ßhall confine ourselves to experiments upon the stems. 
We shaU call the end directed toward the root the aboral 
or basal end of the animal; the other, free end, the oral 
or apical end. I wished to determine whether it was pos- 
sible to make a new tip grow in place of the root at the 
basal end of the stem, or vice versa^ and how we might 
accomplish this. 

1. Aglaophenia plnma (see Figs, 17-19) consists of a 
main stem from which lateral branches are given off on both 
sideSp These side branches carry jKslyps u[>on their upper 
surfaces; they are slightly convex toward the tip of the main 
stem and arise from it at an acute angle, which o[>ens towai-d 
the tip of the main stem. The side branches are the shorter 
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the nearer the tip they are. These points enable one to dis- 
tinguish between the basal end (originally directed toward 
the root) and the apical end (originally directed toward the 
tip) of a stem from which the tip and root have been cut. 
2. I cut off some stems of Aglaophenia pluma close to the 





FIG. 17 



FIQ. 18 



FIG. 19 



root, and fixed them vertically, but with their tips down- 
ward, into the sand. The tips were planted just deeply 
enough to keep the animals in a vertical position. The 
remaining part of the stem was surrounded by water. In a 
number of these animals new ttpSj which continued to grow 
upwardy were formed at the basal etids (Figs. 18, 19). At 
first the old main stem grew in length by growing vertically 
upward. From this there then arose the lateral branches. 
The new polyps which were formed grew only upon the 
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upper Burfaces of th© lateral branches, and were therefore 
directed, not toward the old^ bot toward the new tip of the 
animaL Furthermore, the acute angle at which the new 
lateral branches arose from the main stem opened toward the 
zenith ; the convexity of the new branches was also directed 
toward the zenith. In this way animals were therefore 
formed which ended in a tip at both e?i<is— animals that were 
biapical J just as though one were to grow a new top upon a 
tree in place of the roots, without, however, allowing the old 
apes to go to pieces. In the specimens illustrated in this 
paper the ti|3ö are still relatively small. My stay at Naples 
was too short to allow me to wait for them to reach maturity, 

8. When stems of Aglaophenia which had been cut off 
close to the roots, the ti|js of which, however, were left intact, 
were suspended vertically and in an upright position in 
water, a new root was invariably formed at the basal end, 
and never a new tip, 

Ji th£^efore seems that the position of the stem of Aglao- 
phenia deiermines to a arrtain extent whether a heferomor- 
phosiSf or only a re generation ^ of the lost part occurs at the 
hasfd etit entK 

4, This fact is further supported by the following obser- 
vation : Wlien stems of Aglaophenia from which the tips and 
roots had been cut were suspended vertically in the aquarium 
so that both cut ends were surrounded by water, a root was 
alwaißs fonned ujxjn the cud directed doivnward^ it mattered 
not whether it was the basal or apieal end. 

In many cases branches were formed at the end directed 
upward, yet in other cases a root was formed here also, A 
root was formed most frequently u{K>n the ends directed 
upward when the basal end of the stem was pointed in that 
direction; branches were formed most frequently when the 
apical end of the stem was directed upward* 

It is therefore {jossible to create bi basal Aglaopheniae^ 
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and, according to the experiments thus far made, the method 
by which this is accomplished consists in cutting oflF the tips 
and roots of the stems, and suspending the stems vertically 
in the aquarium with their bases pointing upward. 

5. When such segments from which the tips and the roots 
have been cut oflF are laid horizontally, and in such a way 
that they are surrounded by water on all sides, roots grow 
only from the aboral ends of the fragments, while, as a rule, 
new tips grow from the oral ends. Exceptionally, however, 
roots grow from the oral ends also. 

6. Bearing in mind the fact that roots may arise from 
either cut end and under all conditions, we may say that 
biapical animals may be produced by leaving the tips intact 
and cutting oflF the stems close to the root. If such stems 
are suspended vertically, with their tips downward, new tips 
may arise at the aboral end. If bibasal animals are desired, 
stems deprived of their tips are cut oflf close to the root, and 
are suspended vertically in the aquarium, with their tips 
downward. In all my experiments thus far performed only 
roots have been formed at the cut ends directed dovmwardy 
while tips or roots have been formed at the cut ends directed 
upward. Besides the influence which the position of the 
stem has upon the formation of organs, another at present 
unknown, and therefore uncontrollable, factor exists which 
renders possible the growth of a root at the cut end which is 
directed upward. Yet I believe it possible that purely 
external conditions (which were satisfied in the aquarium, 
and which possibly some day may be brought under con- 
trol) determine this strong tendency toward the formation of 
roots. 

It still remains to be investigated whether gravity or light 
or both circumstances have an influence upon the formation 
of the organs in this case. In all my experiments performed 
thus far in the dark room, no regeneration whatsoever of the 
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lost organs occurred — a fact probably uot entirely due to 
kck of light. 

7. The roots were characterized by a distinct kind of 
confact-iTrifabilifr/ and bj a tendency to bend downward^ 
which I shall now discuss. 

When a root was formed at the cut end of a vertical stem, 
it at first grew horizontally for a sliort distance — when it 
did not come in contact with solid bodies — -and then down- 
ward (Fig. 19j Wi). In stems lying horizontally the root 
grew directly downward. In animals thus operated upon, 
adventitious roots were also often formed at the middle of the 
item. I have never found these adventitious roots upon the 
uninjured animals taken from the ocean. They grew directly 
downward toward the earth (Fig. 19, Wo}. The phenomenon 
seemed strangest of all when such adventitious roots arose 
from a stem fixed in the sand in an inverted position (with 
the tip down) J in this case the root grew toward the apical 
end of the animal At times these downward-growing roote 
showed torsions such as are found in winding plants. 

8* The newly formed main stems behave in a way oppo- 
site to that of the roots; they grow vertically upward. This 
contrast between the root and main stem is shown most beau- 
tifully when new stems with polype arise from the newly 
formed root itself. In Fig* 19 is shown a branch which, 
after having been deprived of its tip, was fized vertically in 
the sand with its tip directed upward* In place of the tip 
a new root Wi grew from the main stem, at first horizontally 
and then downward, A young brauch s arises from the 
root tvi and grows vertically upward* 

In another stem all th« lateral branches had gone to 
pieces; it had been suspended vertically. I believed that 
the animal had died, when from the middle of the stem 
branches began to arise, which proved to be both roota and 
polyps; the roots sprang from the lower portions of the stem, 




Hetebomorphosis 



135 



the new stem from the upper portions. The new stems grew 
upward, the roots downward- I have seen such new stems 
arise, not only from the main stem and the main roots, but 
also from the adventitious roots. Here also the new stems 
always grew upward. Finally, I have seen new stems, which 
also grew upward, arise from stems lying horizontally. 
WteUj however, I cut off the tip from stems lying hori- 
zontally, and regeneration occurred without heteromorpbosis 
or deformity of any kind^ the new tip showed, so far as 
my present experience goeSj no tendency to bend upward. 

9. All newly formed stems arose from the upper surface of 
the stem or root (see Fig. 19, .s), it mattered not whether they 
grew upon the main stem or upon the accessory roots. The 
accessory roots sprang from the lower surface of the stems 
when these lay horizontally. Whether all these phenomena 
are determined solely by gravity I shall attempt to decide 
by further experiment. 

10. That form of contact-irritability which I have called 
stereo trop ism plays an important role in the growth of the 
root of Aglaophenia. WTien the roots come in contact with 
a solid body, they attach themselves to it (by means of a 
secretion?) and grow along its surface. This attachment is 
a phenomenon of irritability which is called forth by contact 
with the BoHd body itself; for when the root is brought in 
contact with a solid body, it does not immediately stick to it, 
but only after contact has lasted for some time (often as long 
as twenty- four hours). Only the growing part (tip) of the 
root is able to fasten itself to the surface of a slide . The 
root adheres so firmly to the solid body that it is im|>08sible 
to separate the two by traction ; the root tears before it can 
be pulled from the solid body. I have not as yet observed 
the branches of Aglaophenia bend mrmj from a solid body. 
Yet I have proved with certainty that growing branches car- 
rying polyps never attach themselves to a solid body with 
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which they are brougbt ia contact, no matter how long one 
may wait; while, on the other hand» this reaction is always 
obtained with certainty in growing roots. I ha%"e also 
assured myself of the fact that when adi^entiiious roots are 
brought in contact with the wall of a beaker, they imme- 
diately attach themselves to it, and grow on its surface* 

11, As soon as a root comes in contact with a solid body, 
if grows rapidltj in lengthy and in a few days exceeds the 
length of other newly formed aud equally long roots, which 
are prevented from contact with solid bodies,* 

The attachment of the root to a solid body influences form 
in a second direction. While we observed above that new 
stems grow from the upper surface of a root when it is sux- 
ronnded on all sides by water, we find, when the root is 
attached to a solid substratum, that the stems arise from that 
surface of the root which lies opposite the solid body. In 
their farther development these stems also grow only straight 
upward, though not entirely vertically. 

12. I have observed in the roots of Aglaophenia a phe- 
nomenon relative to growth which has thus far been known 
oidy in plants. 

The longititdinal growih of the root is confined to a nar- 
raw region situated near the tip (whUe no longitudinal 
growth occurs in the remaining portions of the root)< This 
could be shown in the following way: I permitted the roots 
of Aglaophenia to attach themselves to a slide and grow 
upon it. A slight bulging out soon occurred just behind the 
tips — the beginning of a new stem^ which on the next day 
reached a length of ^mm, and soon thereafter bore polyjis. 
I marked the position of the beginning stem on the glase, 
by etching a line into the glass. The position of this new 

^ Daltbll ot^orred m SorttilarU baleoiim that new growths occur which 
adht're to utliof HoHd bcxlies aud tli&reit>r becocae abtiorumUjf Iciui:» *^Tliet3« oom^ 
imr in ouaiaot with a £oLid surface havo a teodeacjr to adhere aud to ajLiend m 
irrefyfular protonipatioDa fmrpnsaitiK ihD nalural iuoromeiit," Sare and H^narkabie 
Animal* Ulf Scotland (iioadotit 1K41 j« p. t^ 
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stem upon the glass remained permanently the same, 
though the tip itself moved forward at the rate of about 
1mm. each day. The longitudinal growth must, therefore, 
have occurred in the narrow zone lying in front of the new stem, 
13. These experiments were made in April when the 

AglaophenisB were sex- 
ually mature. One day I 
observed a number of small 
(about ^mm. long), whitish, 
cone-shaped larvsB that moved 
over the bottom of the 
aquarium toward the window, 
and remained there. The 
next morning, however, they 
had all disappeared, so that 
I can only suspect that these 
organisms, which in the 
moment of observation were 
positively heliotropic, may 
have been larvsB of Aglao- 
phenia. 

VI. HETEROMCRPHOSIS IN 
PLUMULABIA PINNATA 

1. I have made a series of 

PIG. 20a FIG. 5» experiments, similar to those 

made upon Aglaophenia, upon Plumularia pinnata, which in 

form closely resembles Aglaophenia pluma. I wish to 

describe one of these experiments here. 

A series of stalks were cut oflF close to the root and fixed 
vertically in the sand, so that the apical ends were covered 
by it. In individual instances, but only very rarely, a new 
tip was immediately formed at the aboral end, so that I ob- 
tained biapical animals similar to those of Aglaophenia 
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pluma; the new apex, however, was not so regularly formed, 
OccaBionally a lateral branch was mining nijon the aide of 
the main stem. In the majority of the experiments, how- 
ever, such figures as are shown in Figs, 20a and 20b were 
formed. A new piece he at first grew vertically upward 
from the main stem ah until the new stem ee was formed, 
which usually grew vertically upward; the fjolyps of this new 
stem ce were all located upon the npi)er surfaces of the lateral 
branches, so that the new stem ce was oriented symmetri- 
cally to the old stem ah with respect to a horizontal axis. 
After this the main stem began to grow horizontally and 
finally downward- 

2, The newly formed parts be arising from the prolonga- 
tion of the main stem, and growing at first horizontally and 
then downward, all possessed the contact-irritability of 
roots, namely, positive stereo tropism. When brought in 
contact with solid bodies, they attached themselves to 
their surfaces and behaved like the roots of Aglaophenia 
pluma. Only the growing parts of the roots were able to 
attach themselves in this way» Here also the influence of 
a^ntact stimuli in determining the point of origin of 
branches again showed itself. While the branches arose, 
almost without exceptioUj from the upper surface of the root, 
when it was surrounded by water, they were formed upon the 
eide opi^isite the solid substratum upon which the roots grew, 
in roots which were attached to the surface of a solid body. 

The experiments were made in an aquarium which was 
far removed from a window, and into which only very weak 
light fell almost horizontally. In spite of this, the branches 
grew vertically. This seems to indicate that light has no 
influence in this case in determining the place where new 
organs are formed. 

The protoplassm retracted from that portion of the branch 
which was buried in the sand. 
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VII. HETEROMORPHOSIS IN BUDENDRIUM (bACEMOSUM?) 

Eudendrium (racemosum ?) (Figs. 21a and 21b) consists 
of a main stem which terminates in a polyp at its upper end 
and in a root at its lower end. The root adheres to solid 
bodies. Stout lateral branches arise from the stem and 

grow upward. They 
also carry polyps at 
their tips. New branches 
may again arise from 
these, all of which are 
directed toward the tip 
of the main stem. I 
cut off the tips and roots 
from stems of Euden- 
drium and suspended 
them in part with the 
tip, in part with the 
base directed downward 
in the aquarium. Both 
. ^, m^ ends were surrounded 

X yfjr^ by water. The stem 

\^ J^ began to grow from the 

mj itK'*'^ [..I *^^ extremities, and 

^ ftj^ ^^ polyps were formed at 

both ends (Figs. 21a 
and 216). All Eudendria became biapical {just as does 
Tubularia mesembryanthemum under similar conditions); 
with this difference, however, that in addition to the new 
tip, roots were at times formed, at one of the cut ends, which 
was never the case in Tubularia. 

To maintain the pieces of Eudendrium stems in a vertical 
position in the aquarium, I pushed them through lead plates 
in which fine holes had been punched. The plates rested 
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upon beakera While the upper end of the animal was, 
therefore, in the aquarium, in which the Bea water was con- 
tinually renewed, the lower ends of the stems dipped into 
the benkere in which the circulation of the water was much 
less perfect than in the rest of the aquarium. Striking 
differences existed between the new growth which occurred 
at the lower end and that at the opjx>site end. The lower 
end in the poorly aörated water formed a new polyp upon 
the main stem, but its growth was slow, and the formation 
of new lateral branches occurred either not at all or only 
slightly as compared with the corresponding processes at the 
other end. (Possibly light and gravity may also have played 
a rOle in bringing about this result,) In what follows we 
shall consider only the new growths which occurred at the 
npper end of the vertically standing stem. 

2. When the basal end of the stem was directed upward, 
and new side branches were formed, they were directed, not 
toward the old ti[>, but toward the new tip. In Figs. 21a 
and 216 ab is the old stem, 6c the regenerated tip, and ad 
the heteromorphic tip at the aboral end. The newly formed 
branches s are all directed toward the heteromorphic tip d. 

In a larger number of cases new stems were formed also 
upon the old lateral branches after the stem had l)eeu turned 
upside down* Some of these did not grow downward toward 
the old tip, but in the opposite direction, upward, toward 
the new tip* Fig, 216 illustrates such an instance. After 
the whole stem had been suspended in an inverted position 
in the aquarium, a new branch 8, was formed upon the 
lateral branch (\ and grew upward, toward the new tip. It 
had, moreover, been formed upon the upper surface of the 
branch e- 

In the arrangement of new organs in Eudendrium we do 
not, therefore, deal with a **ix>larity'* which is determiued 
solely by internal structural relations, but with the effects of 
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stimuli in which not only the internal structural conditions, 
]but these and the external stimuli together^ determine the 
result The external stimuli with which we deal here seem 
to be light and possibly gravity. 

3. The effect of light npon the formation of new polyps 
in Eudendrium is shown in an unmistakable way. When one 
compares the number of new polyps and branches formed 
upon the window side of the stem with those formed upon 
the room side, one finds that the number upon the window 
side is very much the larger. 

The branches are, moreover, positively heliotropic. I 
cut off a Eudendrium at its base, close above the root; a 
new polyp was formed upon the tip of the stump that 
remained. The stem then began to grow rapidly. The 
growing, apical portion of the stem bent toward the window 
side of the aquarium. That part of the stem which was not 
growing actively showed no heliotropic curvature. 

4. I have made a single observation which seems to indi- 
cate that currents in the water, if they are continued for 
some time and always in the same direction, can pro- 
duce curvatures in a growing Eudendrium stem. The anal 
opening of a large Ascidian was situated near a growing 
Eudendrium stem, so that the stream of water ejected by 
the Ascidian struck the Eudendrium. The growing part of 
the Eudendrium which was struck by the current of water 
bent so as to have its concave side directed toward the 
source of the current The other stems of the same 
culture which had been subjected to otherwise similar treat- 
ment had all bent toward the source of light. This observa- 
tion also shows that the rheotropism of these Eudendrium 
stems — if we are, indeed, dealing with this phenomenon — 
is able to overcome and to veil their heliotropism. 

5. In a few cases in which contact had been especially 
close, roots were formed in the middle of the stem, where it 
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had been in contact with the lead plate. These roots attached 
themselyes to the lead plates and spread over their surfaces. 
I have not yet succeeded in producing bibasal Eudendria* 

VIII. HETEBOMOBPHOßlS IN BERTULABtA (POLYZONIAS ?) 

Heteromorphoeia can be produced in Sertnlaria; but just 
aB the heteromorphoses in no two of the animals thus far 
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considered are exactly similar in every detail, lieteromor* 
phosia in Sertnlaria has its specific characteristics also» I 
cut off stems of Sertnlaria close to the root and fixed them 
in an inreried position in the sand. Both roots and stems 
(Figs. 22a and 22?!*) grew from the cut basal eni But 
while the stems grew upward (and in the direction of the 
rays of light), the roots grew downward (and away from the 
source of light)/ As shown in my earlier observations, the 
roots of Sertnlaria are negatively, the branches positively, 
heliotropic. JBiapical stems can be easily produced in the 
manner describml. Not uncommonly the condition repre- 
sented in Fig. 22c is found, in which a negatively helio- 
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tropic root arises from the main stem, and from this (ujyati 
the side directed toward the light) spring new positively 
heliotropic stems. This arrangement corresponds with that 
so often found in Plumularia pinnata. 

The roots are positively stereotropic as in the other 
Hydrozoa. When brought in contact with a solid body they 
attach themselves to its surface. As soon as the roots have 
attached themselves, the position of the new stems forming 
upon the roots is determined by the contact stimulus; the 
new stems arise from those points on the surface of the root 
which are diametrically opposite the substratum to which the 
root is attached. 

The fact that roots and stems may arise simultaneously 
and side by side from the basal end of an organ has also 
been observed in certain organs of plants; e, g,, in fragments 
of leaves which form both roots and stems at their bases. 
The protoplasm retracted from that piece of the Sertularia 
stem which was covered by sand. 

2. When the tips were cut off of stems which were fixed 
in the sand in a vertical and upright position (with the tip 
upward), simple regeneration of the tip followed in the great 
majority of cases. Only once or twice did I see a root arise 
from the tip of a vertical and upright stem. 

3. In inverted stems occasionally new stems arose from 
the middle of the old stem upon the side directed toward the 
source of light. These grew in a direction determined by 
their positive heliotropism ; when the light came from above, 
they grew upward toward the basal cut end. 

Boots which were formed in the middle of inverted stems 
(Fig. 22a) grew downward and toward the room side of the 
aquarium, when the light fell upon them from above. 

4. Driesch has observed a phenomenon of growth in 
specimens of Sertularella polyzonias which were cultivated 
under "unfavorable" conditions that I have never found in 
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my si>ecimeii8 of Sertulariae* 
*"Iii place of normal individuals, 
Btoluns were formed.^'* I have 
o b so r V e d these abnormali tiee^ 
however, in Gonothyram Lovenii, 
which I grew in poorly a^irated 
aquaria. 

HETEBOMOBPHOSrS IK GONO- 

THYB^EA LOVENII 

Stems of GonothyrflBa Lovenii, 
which were cut off close to the 
root ajid fixed vertically in the 
sand with the tip downward, 
formed new tiias at their upp^r 
basal ends, »o that biapical stems 
resulted {Fig, 23), 

The iufluonce of contact 
stimuli , upon the longitudinal 
growth of the roots was very 
marked. Roots that were 
brought ill contact with 
the surface of solid bodies 
grew many times faster 
than roots growing in the 
middle of the aquarium 
without any snch contact. 
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When th© roots were brought in touch with the surf ace 
of the water, the latter acted ujkjh the rcx>t as a solid body. 
The root began to grow rapidly in length, attaching itself to 
the surface of the water (as if it were the surface of a solid 
body). Whenever a root adhered to a solid body new stems 
arose from that surface of the root which lay diametrically 
opposite to the solid body. Usually these branches then grew 
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perpendicularly away from the snrface of the soHd body- 
When new stems arose from roots growing along the surface 
of the water, the sterna grew vertically downward* 

X. ox THE FOBMATION OF TENTACLES IN CEEIANTHUS 
MEMBRANACEUS 

1. I shall now discuss some experiments upon animals 
which seem to behave in accordance with AUman's theory of 
polarity, inasmuch as in these I did not succeeil in producing 
a head in the place of an aboral pole. The esperioieuts 
led however to the production of several heads lying one 
above the other in one and the same animal (see Figs. 24, 
25). The irritability of the new heads could easily be com- 
pared with that of the old. In these experiments, mor&- 
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over, I had the opportunity of studying new relations be- 
tween irritability and body form, and in addition one of the 
fundamental conditions which underlie growth. These lat- 
ter observations point to a greater similarity between the 
general life-phenomena of animals and plants than has thus ^ 
far been known* 




FIG. 36 

The experiments were made upon Cerianthus membraiia- 
ceua The animal consists of a long, soft, and smotith 
cylindrical body^ carrying a heavy crown of tentacles at its 
oral end (Fig. 26, o), while at its alxiral end (Fig. 26, h) it is 
Bmooth and rounded. 

The tentacles at the oral pole are arranged about the oral 
plate in two concentric circles ; the outer circle consists of 
long, the inner of thin and short tentacles. In the middle of 
the circle is situated the oral o|>ening, which serves also the 
functions of an anus» The body of the animal is hollow 
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and the reader who is unacquainted with zoology can best 
picture the animal to himself by imagining a sack made up 
of an elastic, contractile wall, the opening of which is sur- 
rounded by tentacles. 

The animals which I obtained in Naples were 5-lOcm. 
long. They are very common in the Mediterranean and are 
especially adapted to physiological experi- 
ments because they are very tough and 
comparatively long-lived. The animal lies 
buried in a mucous envelope in the sand. It 
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only thrusts its head outside of the envelope to catch small 
marine animals for its prey. The envelope is formed by a 
secretion from the skin. 

I made diagonal incisions {acb, Fig. 27) into the middle 
of a large number of such Cerianthi. After a few days 
new tentacles begin to spring from the cut surface 6c, 
which grow rapidly and correspond in form, color, and mark- 
ing with the tentacles at the oral pole. I have never seen 
even an indication of the formation of neio tentacles at 
the other cut surface, ac. Figs. 28 and 29 represent such an 
animal eight days after an incision had been made. Tentacles 
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Bpring from the lower cnt surface; the upper cut surface/ 
is free from tentacles. The cut surface ao (Fig. 27) suffers 
changes which lead to a rounding off of this part, and make 
it resemble a foot. I have made more than a hundred such 
experiments, and yet have always obtained the same result. 
In order to have new tentacles form it is necessary to pre- 
vent the lips of the wound from healing together during the 
first few days after the oj}eratiün, I attained this end most 
easily by laying the oj>erated animals upon a wire screen ; 
the animals would push their aboral ends through the 
meshes of the screen up to the incision. The wire then 
pushed itself between theli]:*s of the wound, and so prevented 
the edges from healing together. First the outer row of 
tentacles and an oral plate were formed ; then an inner row 
of tentacles originated; so that finally such an animal pos- 
sessed two morphologically identical heads the one situated 
alxjve the other. Such animals are represented in Figs. 24 
and 25 ; a is the old, ft the new heacL The new head in 
Fig, 24 is about three months old j that in Fig. 25 is much 
younger. By similar means I also succeeded in producing 
animals with three heads, situated one alx>ve the other. 
There was nothing to prevent the production of a still larger 
number of heads lying one above the other, if there had 
been any object in doing thia I noticed that the formation 
of a new head and the growth of the new tentacles generally 
occurred more quickly and were the more considerable the 
nearer the incision lay to the oral pole. In animals with 
three heads, that lying nearest the foot had the smallest 
tentacles. 

When the incision was made very near the aboral pole, 
no new head whatsoever was formed. Fig, 25 shows an 
animal into which I made two incisions at the same time — 
b near the middle and c near the aboral end of the animal. 
It will be seen that new tentacles have grown from the 
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incision 5, while nona have grown from the incision e near 
the foot end, even though the lipa of the wonnd were pre- 
vented from healing together. In the drawing which was 
made from life, the cut is relatively far removed from the 
foot end of the animal. This is because the atoral end cd 
lying behind the second cut is greatly stretched, while that 
portion of the animal lying anterior to the incision is con- 
tracted* It will also be seen that after such an incision both 
parts become independent of each other to a certain extent ; 
much as after transverse section of the spinal cord in one of 
the higher animals the incision renders the two parts of the 
animal comparatively indei^endent. 

B, I found no statement in the literature as to whether or 
not such observations had already been made uixjn other 
animals. It is, however, known that a new Hydra may spring 
from the body of an old one, which increases in size, and 
after a certain time separates from the mother to lead an 
individual existence. As long as it remains attached to the 
mother, the whole is to be regarded as an animal with two 
beads situated one above the other; for the body cavities of 
the young and the old animal communicate with each 
other. Yet such a Hydra is eseentially different from our 
Cerianthus. While in Hydra not only a head, but a whole 
body is formed, only the oral plate is formed in Ceriantlius, 
While the new animal becomes detached after some time in 
Hydra, the new head in Cerianthus remains permanently 
attached to the mother. Furthermore, while in Hydra the 
newly formed individual has the same number of tentacles, 
and the same cylindrical form as the mother, the number of 
tentacles that grow in Cerianthus is dependent ufion the size 
of the incision. The smaller the incision, the smaller is the 
number of tentacles that are formed. Only a segment of a 
head, correstKjnding to the size of the incision, is therefore 
formed when an incision is made into a Cerianthus. A 
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Btudy of the ülustrations shows that the ntimber of new 
tentacles corresponds to the size of the incision, and increases 
or decreases as the length of the incision increases or 
decreases. 

4. I cut rectangular pieces from the wall of Cerianthus 
by cutting off the head and the foot trajis- 
versely, and dividing the resulting hollow 
cylinder by a longitudinal ciit. These 
reeiangitlar pieces formed tentacles up€m 
only one of the foftr cut edges. This 
was npon that edge which was originally 
directed toward the oral pole of the 
animal. If abcif. Fig. 30, represents 
such a piece, the new tentacles sprang 
only from the edge ab. The three 
remaining sides remained 
/ absolutely free from all 

\^_^ evidences of new tentacles. 

FIG. 30 rpjj^g f^^ ^j^ig experi- 

ment corresponds in behavior with that of an 
analogous experiment upjon Hydra, ^ But 
while the piece removed from Hydra forms a 
new cylinder, and a closed botly*ca\ity before 
the new tentacles sprout,^ the tentacles npon 
the pieces of Cerianthus are formed without a 
new body-cavity originating, and even while 
the entoderm is still exposed. The cut edges 
that are free from tentacles may never heal 
together, and a new body-cavity may never 
be formed. In Fig, 31 is given a pactni-e of a fragment of 
Cerianthns bearing large tentacles while the body- cavity is 
still open and the entoderm still exposed. The cut edges 
show inversions and puckerings, to which I shall return 

s See Imthikawa« Zeitschrift für tri^Knchnf fliehe ^tmlnj/ieu Vol. XLIS, p. 441, 
^NtJBBBAt;», Arckiv fUr mikrottu^i^ke Anatomie, VoL XXIX. 
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later. Fig. 32 shows the animal two months later. The cut 
edges have coalesced, and the animal resembles somewhat a 
normal Cerianthus. The inner row of small tentacles has 
also been formed in addition to the large peripheral ones; 
but — and herein these phenomena again differ from those 
observed in Hydra — the number of tentacles is only a frac- 
tion of the number of tentacles of the normal head, corre- 
sponding to the size of the oral cut. Nor do the ends of 
the two rows of tentacles meet to form a closed circle. 

After what has been said, it need not be emphasized that 
the formation of tentacles is independent of food-supply, as 
the taking up of food is impossible without a body-cavity. 
When the pieces are too small, no tentacles whatsoever may 
be formed. 

From all that has been said, the following observations 
are easily understood. When a Cerianthus is cut completely 
in two transversely, the aboral piece forms a new head, 
bearing a normal number of tentacles, while at the lower end 
of the oral piece, which has to regenerate a foot, new substance 
is deposited upon the cut surface which restores the con- 
tinuity of the ectoderm at this end and assumes the rounded 
form of the foot. 

If head and foot are both cut from a Cerianthus, the 
middle piece forms new tentacles at the oral and a new foot 
at the aboral cut surface (the latter is formed more quickly 
than the former). But this is possible only as long as the 
pieces exceed a minimal size. 

5. I have tried to control the place where new tentacles 
are formed by contact stimuli or by orienting the animal in 
different ways against gravity and light. All of these experi- 
ments have thus far been unsuccessful, if for no other rea- 
son, because it was impossible to maintain the animal in any 
abnormal position for any length of time. The following 
chapter will give the reasons for this behavior. 
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For the time being, therefore, the plftce where the ten- 
tacles in Cerianthus are formed is determined by the following 
law, which is only a sumewhai modified expression of All- 
man's theory of jiolarity: 

Tliepkice where the fenkwha are formed on afrogment 
of Cerianthus is dependent upon the orieniaiion which the 
fragment had in the uninjin^ed animaL The tejüades aJwatfs 
grow upon the cut surface ithich was directed toward the 
oral pole of the uninjured animaL 

If for any reason, therefore, we might wish to know how 
a fragment of Cerianthus had been oriented in the uninjured 
animal, w© should only have to wait until new tentacles were 
formed ; the side ujxxn which the tentacles sprouted would be 
that which was directed toward the head. 



XI. BELATIONB BETWEEN FOBM AND 
CEßlAKTHÜS 



IBBITABILITY IN 



As 18 well known, it is possible to determine from the 
physical l>eha\ior of n fragment of a crystal how it was 
oriented in the cryetaL I have tried to determine whether 
or not relations between body form and irritalnlity can be 
shown to exist in living animalö comparable to thost.* existing 
between the geometrical form and the physical l>ehavior of 
crystals* Such a relation, indeed, exists in Cerianthus, and 
this can be recognised, not only in the uninjured animal, 
but also in the animal deprived of its head or foot. This is 
true, under certain conditions, even in fragments of an ani- 
mal. In this way it is sometimes possible to recognize from 
the behavior of a fragment toward eittemal conditions which 
of its ends was originally directed toward the oral [>ole. 

When the external conditions permit of it, Cerianthus 
membranaoeus assumes a position in which its long axis is 
absolutely or nearly vertical^ and in which its oral [>ole is 
directed upward and its aboral pole downward. If the head 





Hetebomohphobis 



153 



or the foot of Cerianthus ia amputated, or if a piece is cut 
out of a Cerianthus, the fragmentj if not too Bmall, and if 
external conditions permit of it, again assumes a vertical 
position, with its oral end directed npward and its aboral 
end directed downward, I shall now describe these phe- 
nomena in greater detail, 

1- If a Cerianthus is laid upon the bottom of a vessel 
covered with sand, after a few minutes the foot of the ani- 
mal begins to bend downward near its tip and to bore into 
the fiand. In half an hour or less (at the proper temperature 
and with irritable animals) the entire animal has buried itself 
vertically in the sand up to its head. It remains perma- 
nently in this position, if other circumstances do not induce 
it to move* 

2. A wim net^ the meshes of which are so narrow that 
the body of a Cerianthus can only with difficulty be drawn 
through them, is supported horizontally upon a glass vessel 
and set into the aquarium. A Cerianthus is laid upon the 
wire net. After a few minutes the foot of the animal begins 
to turn downward, and to bore through one of the meshes of 
the wire net. That portion of the foot which has passed 
through the wire net assumes an absohiteJy or nearly ver^ 
iical postikm^ ami remains .sf> permanenlh/. No change 
occurs at the oral pole, except that the tentacles close together 
so that they lo<:>k like a brush, the handle of which is formed 
by the remaining |X)rtion of the animal. The animal crowds 
its body more and more through the mesh in the net, until 
it finally attains the vertical position shown in Fig. 26, 

3. This orientation can also be reached within half an hour* 
But while the Acliniau generally remains in the sand after 
having buried itself vertically in it, an animal upon the wire 
Bcreen rarely retains the orientation described longer than two 
days; it either works itself entirely through the wire screen, 
or else retracts its foot to bore it through another mesh 
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in the screen, or to move off the Bcreen entirely* If, 
aa BOOB as the animal has assumed the position shown in 
Fig. 26, the wire screen is tarned over so that the foot of the 
animal ia directed upward, tlie ((.mi is not withdrawn, but 
beght^ to bt^tnl vcrticalli/ downward from ihe tip. The bend- 
ing then passes from one ele- 
ment of tlie body to the next, 
from the foot to the head Ab 
goon as the tip of the foot again 
touches the Bcreen, it pushes 
itself through it as far as pos- 
sible. If the wire net is again 
turned over, the whole process 
is repeated anew. In this way 
the animal can be compelled, 
by the help of gravity alone, to weave itself through the 
meshes of the screen several times '*of its own accord,*' 

Fig, 33 shows a Cerianthiis which has thrice passed 
through the meshes of the screen in this way. The drawing 
is taken from life. 

4, Such a bending downward, which has been accurately 
studied in negatively geotropic roots, has never been demon- 
strated, so far as I know^ in animals* I will therefore cite 
another experiment which better illustrates the course of 
this reaction. If a Cerianthus be put into a test-tube filled 
with sea-water, and the test-tulie be placed bo that the head 
of the animal is down and the foot up, while the long axis of 
the animal is vertical, the tip of the foot begins after some 
minutes to bend vertically downward. In Fig. 34 is shown 
the course of such an ex^jeriment. Several minutes before 
12 oVlock the animal was placed in a test-tube in the posi- 
tion described. At 12 the fi.iot of the animal had begun to 
bend down wan! (Fig* 34, a\ ; in the next thirteen minutes the 
bending gradually advanced toward the head (Fig, 34, 6), 
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Five minutes later the foot reached the bottom of the test- 
tube (Fig. 34, c). The bending spread gradually to elements 
lying nearer the head; as the foot could no longer advance 
vertically, it was pushed horizontally over the bottom of the 
test-tube ; and at the same time the head, which until now 
had played no active part, was slightly raised (2:35 P. M., 
Fig. 34, d). The bending then passed from one element of 
the body to another, until the head was brought into an 
erect position (Fig. 34, e). Finally the entire animal righted 
itself so that at 1 o'clock it had the position shown in Fig. 
34,/). The whole righting process had therefore occupied 
an hour. The animal remained in this position for two days, 
when it crawled out of the test-tube. I have repeated the 
experiment many times, but always with the same result 

5. If a Cerianthus is divided transversely in the middle, 
and both pieces are laid upon the wire screen, they work 
their way (often immediately after the division) through the 
screen with their aboral ends directed downward. If the 
head and foot of an animal are amputated, the middle piece 
may still show this reaction. When this occurs, the aboral 
end always bends downward^ and works its way through 
the wire screen. Never have I seen the reverse occur — 
that such an animal assumes a position in which the oral 
pole is directed downward and the aboral pole upward. I 
wished to determine whether light or gravity had any effect 
upon the position of the new organs formed in these headless 
and footless animals when fixed vertically in sand, with 
their aboral ends directed upward; in no case, no matter how 
often I fixed the animals in an inverted {)osition in the sand, 
did I succeed in retaining them in this position longer than 
two days. Nor did they remain with their aboral cut ends 
directed downward in a narrow test-tube the long axis of 
which stood vertically. In all cases they turned their oral 
poles upward. 
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6, We have eeen that in the uninjured animal it is the 
loot which first bends downward on the wire ecreen and 
assumes a vertical position* while the head is the last to 
assume this orientation* If an animal is cut across trans- 
versely, and the two pieces are laid side by side upon the 
wire screen immediately after the operation, the aboral frag- 
ment carrying the uninjured foot begins to bend down 
vertically sooner than the oral fragment which carries the 
head. 

This difference in the irritability of the two portions of 
the animal can be shown very prettily by making a trans- 
verse incMon at about the middle of the animal, so that 
both pieces still hang together. If such an animal is laid 
upon the wire screen, immediately after the operation, the 
foot works itself through the meah in the net to the incision 
and assumes a vertical position, while the oral piece extend- 
ing from the incision to the heads usually remains lying hori- 
zontally ujK)u the wire screen, 

7, If the heads of Ceriantlins, which have been cut off 
close to the oral plate, and which no longer work their aboral 
poles through the wire mesh when laid upon it, are hiid upon 
the sand for a time, they also at length assume a position in 
which their long axis is in a vertical position. One receives 
the impression at first that one is dealing with normal 
animals buried deep in the sand. The method by which 
they retain their vertical [Mjsition is remarkable. Certain of 
the celts of the ectoderm secrete a mucoid substance to which 
kernels of sand become attached. But this secretion is 
formed only on the base of the pieces which have been cut 
off just below the oral plate, Tlie kernels of sand which 
adhere to the base have a greater specific gravity than the 
animal itself, and this keeps the animal in an upright posi- 
tion. 

8, AH these experiments succeed equally well in the light 
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and the dark, Tlie fact that the animal assumes a vertical 
position in every case seems to indicate that gravity is the deter- 
mining f acton I have tried to see whether the animal would 
assume upon the centrifugal machine the position of one of the 
radii, that is, with its foot directed toward the periphery 
and it» head toward the center of the rotating disc. But 
the animal had always to be kept in a vessel of water in 
these experiments, and the currents set up in the water by 
the rotation interfered with the movements of the exceedingly 
soft animal. Even when the animal was fastened to the 
wall of the vessel by a needle, its free ends were always set 
in motion by the water. Nothing remained, therefore, but 
to introduce the animal into a long test-tube which was fas- 
tened radially u|x>n the revolving table, and to observe 
whether the animal directed its foot or its head toward the 
center of the revolving table. The experiments which have 
been {performed thus far have not given a uniform result, 

9. Tlie animal retains a vertical position permanently 
only when at the same time contact stimuli act constantly 
ufjon its entire surface. The animal retains a vertical position 
permanently in the sand, but only for a few days at the best 
npon a wire screen, I was also able to keep the animal [perma- 
nently in a köj*izö7iial position in a closely fii fing te8t4ube. 
The head which projected beyond the lips of the test -tub© 
was directed vertically upward. 

How strongly these animals are compelled to bring as much 
as possible of their bodies in contact with other solid bodies is 
evidenced by the fact that they crowded themselves forcibly 
under lead blocks and lead plates which I had laid uixm the 
bottom of the aquarium. This is the same form of contact- 
irritability that is found in Forficula, larvae of Musca, winged 
ants, etc, — a phenomenon which I have described in greater 
detail in previous publications.^ 

1 "The Heliotroptsm of Animals," p. t, aüd alao ** Furtber luTesll^atioo» on the 
HflUoirupiam of Aninialaf^' p. 89. 
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10. The morphogenetic polarity discussed in the preced- 
ing chapter therefore corresponds with a polarity in regard 
to the orientation of a Cerianthus toward gravitation. Since, 
however, we are as little acquainted with the structural con- 
ditions which determine the orientation of a Cerianthus as 
with the structural conditions which determine that the for- 
mation of tentacles only occurs at the oral end of a fragment, 
the question as to whether the same conditions underlie both 
phenomena cannot as yet be discussed. 

XII. FURTHER REMARKS ON THE FORM AND LIFE PHENOMENA 
OF THE NEWLY FORMED HEADS IN CERIANTHUS 

1. If a transverse incision such as described in sec. x 
be made fairly close to the head, the edges of the wound do 
not draw together so easily. In this case new tentacles, a 
new oral plate, and a new mouth are formed at the oral cut 
edge. The part above the incision may persist for months, 
but finally it drops oflF like a wilted leaf. 

If, on the other hand, the incision is made in the middle 
of the animal, the tendency for the edges of the wound to 
heal together is very great. New tentacles (external and 
internal) and a new oral plate are formed ; but never has a 
mouth formed in any of the cases observed thus far. The 
newly formed head was therefore of no use whatsoever to the 
animaL If we look more closely at such a head (Fig. 2f, 6), 
the ectoderm is seen to pass over into an oral plate at &, 
which is covered with two rows of tentacles. An opening no 
longer exists in the ectoderm. 

We saw, moreover, that quadrangular pieces cut from the 
wall of a Cerianthus formed tentacles upon one side only. 
A second circumstance to be considered is the fact that the 
elastic tension of the inner layer of the wall is greater than 
that of the external. In consequence of this, the three 
remaining cut edges, upon which no tentacles are formed, 
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roll inward, so that only the ectoderm is visible externally 
(Fig. 35). Because of these mechamcal conditions the part 

asBnmes after some time — especially when the new tentacles 
begin to grow — an ap[>earance which reminds one in some 
ways of a normal Cerianthus. Of course, many pieces remain 
I)ermanently monstrosities. So far as the experi- 
ments performed hitherto are concerned^ a mouth 
has never been formed in these jneces. This is a 
remarkable fact, and seems to indicate that the 
animals have a source of food -supply which 
differs from that of the uninjured animal, fur they remain 
alive, and do not diminish markedly in bulk even in the 
course of months. 

2. These mouthless heads when brought Jn contact with 
food reacted exactly as normal heads. The reader is prolj- 
ably acquainted from personal observation with the behavior 
of an Actinian when a piece of meat is laid upon the tip of 
one of its tentacles. The tentacle becomes concave toward 
the piece of meat, winds itself about the meat — as a vine 
about a supix)rt — ^and finally bends so that the piece of meat 
reaches the nikldle of the oral |j?fl/e, where the mouth is 
situated in normal animals. In Cerianthus the inner teu- 
tacles then fold over the meat; some or all of the external 
tentacles then follow in a similar way, and it looks as though 
the tentacles were pressing the meat into the mouth. The 
meat reaches the stomaeh, and the tentacles then unfold. 
But this reaction is certain to occur only when the sub- 
stance laid upon the tentacles has certain chemical and 
mechanical characteristics. If a grain of sand is laid uj>ou 
the tentacles instead of the meat, the tentacles do not bend 
in as described. 

If a piece of meat is carefully laid upon the tip of the 
external tentacles of a jwwlf/ formed heud^ which has no 
oral opening^ they also seize it in the manner just described; 
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they carry it to the middle of the newly formed oral plate, 
and the inner tentacles cover the meat and press it against 
the oral plate; the outer tentacles then also cover the meat, 
and the animal struggles several minutes in vain to press the 
meat into a mouth which does not exist The external ten- 
tacles are then withdrawn from the center of the oral plate 
and expanded, and the same is done with the internal ten- 
tacles. The piece of meat again reaches the edges of the 
tentacles (probably through ciliary motion) and drops oflF. 

The experiment can be repeated with the same result any 
number of times upon the newly formed heads which have 
no oral opening ; they always react when a piece of meat is 
laid upon the tentacles. No trace of memory is present. 

In order to have the new head react with certainty, it is 
necessary that the substance laid upon the tentacles have the 
same characteristics as that necessary to call forth the 
reaction in the old head. Pieces of meat are always carried 
to the center of the oral plate by the tentacles of the new 
head, but this does not occur when kernels of sand are used. 
If the head of a Cerianthus is amputated, the animal does 
not again take up food until the new mouth has been formed 
and the tentacles have attained a certain size. We shall see 
that other Actinia behave differently in this respect. 

3. The fruitless attempts of the mouthless heads to take 
up food is somewhat comical in the light of an optimistic 
teleology. The physiologist, however, takes it for granted 
that the tentacles of the mouthless head must react in a 
similar way to chemical and mechanical stimuli as the ten- 
tacles provided with a mouth, because they have the same 
external form, and possibly also the same structure. That 
the meat is finally brought to the mouth through these 
reactions (bendings), and that when the meat has reached the 
mouth the bendings again are reversed, does, of course, not 
influence the immediate eflFect of the contact between ten- 
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tacles and meat; just as a moth must react to a flame with 
progressiv© heliotropic movements, even though it after* 
ward derives no actual benefit, but actual harm, from this 
sort of reaction, 

4. Gerianthus remains permanently in one place if its body 
is in contact with solid bodies and if it is properly fed. If 
the feeding is interrupted, it occasionally leaves its tubes in 
the sand to burrow anew after some time in some utber part 
of the sand. If, however» the head of the Cerianthus is 
amputated, thia otherwise sessile animal becomes a complete 
nomad. It burrows, remains for a few hours in its tube, 
crawls out again, buries itself anew in some other place La 
the Band, only to leave its new home after a short time, etc. 
When the tentacles have again grown» the animal becomes 
more sessile again. 



Xlll, THE IMPOBTANCE OP TÜEGOR FOR THB OBOWTH OP 
THE TENTACLES IN CEElANTHUS 

1. Although the analysis of the mechanical conditions 
which influence the growth of plants has made great strides, a 
physiülügy of animal growth does not exist even by name in 
the modern text -books of animal physiology. It may there- 
fore be permissible to describe here a very simple exj>eri- 
ment which shows that one of the f undamc^ntal conditions 
necessary for the growth uf vegetable tissues — turgor — 
must l>e fulfilled in animal tissues also in order that growth 
may oi^cur. 

It may be known to the reader that the growth of plants 
decreases or entirely stoj>s when they wilt, but that it in- 
creases when a plentiful supply of water is at hand. It is 
believed that the cell contents of the growing part of a 
plant take up water energetically from their snrronndiiigs 
(due to the salts of the organic acids contained in them ), 
In consequence of this at)sorptiou of water, the cell-walla 
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are stretched. This stretching of the cell membrane permits 
the deposition of new material in the cell — growth. When 
the hydrostatic pressure in the cells of an organ attains a 
height in which the cell membrane is tensely stretched, the 
organ is said to be turgescent. 

In the course of the experiments detailed in the preced- 
ing chapter I accidentally discovered a means by which the 
turgor of a part of the tentacles of a Cerianthus can be 
diminished, while in the others it remains unaltered. I used 
this method to determine whether a diminution in the turgor 
would decrease or stop the growth in animal organs. If a 
transverse incision is made into the body of a Cerianthus 
such as is necessary to cause the growth of a second head, 
the incision has a striking eflfect upon the behavior of the 
tentacles. If one watches such an animal when its tentacles 
are stretched out, it is seen that those tentacles which are 
situated above the incision are distinctly, often as much as 
one-half, thinner and shorter than the remaining tentacles. 
This difference is shown distinctly in Fig. 29 which repre- 
sents the same animal as Fig. 28, only viewed from another 
side. This difference in the turgor of the tentacles is per- 
manent when the incision is made near the oral plate, and 
when the edges of the wound are not allowed to heal to- 
gether. As soon as the wound heals, the turgor of the 
tentacles is re-established. If the irritability of such wilted 
tentacles is compared to the irritability of the turgescent 
tentacles of the same animal, it is found that the irritability 
is not markedly changed during the first few days after 
the incision. 

If a piece of meat be carefully laid upon the tip of such 
a wilted tentacle, it is carried to the mouth in the same way 
as by an erect tentacle. Only it seemed to me that the 
movement of the wilted tentacle was slower and more awk- 
ward than that of the turgescent tentacle. 
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Tbe explanation is Bometimes given that the tentat^Ies ot 
Actinia are stretched by a contraction of the mu&cks of the 
body-wall which forces water ont of the body-cavity into the 
hollow tentacles. The turgor of the tentacles of Cerianthus 
cannot well be brought about in this way; for, if this wert? 
the case, the turgor of all the tentacles would have to be 
decreased when the body -cavity is opened ; but only the 
turgor of the tentacles above the incision is diminished, 
while it remains the same in the others. 

2. I amputated the beads of a large number of Ceri- 
anthi. After some time ^ which was, within certain limits, 
shorter as the temperature of the water was higher — new 
tentacles were formed at the cut edge, I waited until the 
newly sprouted tentacles had reached a length of 5-1 0mm. 
when stretched out, I theu made a partial transverse inci- 
sion into the body and prevented the wound from healing 
together. The tentacles above the incision lost some of their 
turgor J and ceased to grow from thai time on. The re- 
maining ientacle^i however, continm^l to grow and after 
several weeks reached a length of 30 mm. or more when 
stretched out. 

As I had to bring my experiments to a close, I could not 
determine whether the wilted tentacles could again be made 
to grow by restoring their turgor. I ho[je to be able to 
Hiake this and further experiments on growth at another 
time. 

The fundamental condition for growth in plants is there- 
fore also found in animals. 

XIV, ON THE EXTEBKAL CONDITIONS WHICH DETERMINE THE 
FOBMATION OF TUBES IK CEBIAKTHUS MEMBEAKACEÜS 

If a Cerianthns is laid ujwn the sand, and a sufficient 
time is allowed the animal to burrow, it is noticed after 
several days that the hole in which it liee is covered with a 
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smooth coating. If the Cerianthus is pulled out of the sand, 
it is found to be incased in a soft tube which is smooth 
internally and covered on the outside with fine grains of 
sand. The animal can be drawn out of the tube without 
injury. It seems very human that the animal should arrange 
itself comfortably in the sand and protect itself against 
unwelcome visitors by building a tube about itself. This 
formation of tubes by Cerianthus appears to belong to those 
cases to which the old phrases of *' instinct" and "artistic 
impulse of animals" might be applied. It may perhaps be 
of interest to some of the readers to become acquainted with 
the following simple experiments which show upon what 
foundation anthropomorphic conceptions of life-phenomena 
are occasionally based. 

1. If a Cerianthus is carefully drawn out of its tube and 
laid upon a very thin layer of sand in which it cannot burrow, 
a secretion is soon formed at the surface of those portions of 
the body which rub against the sand. The surrounding 
particles of sand stick to this secretion. The continued 
movement of the animal, and the propagation of stimuli from 
those parts of the animal which are rubbed in the sand to 
neighboring parts of its surface, cause the secretion to be 
poured out over the entire surface of the body of the animal. 
The tube is then completed. It is at first very thin, but 
becomes thicker in the course of time, as more secretion is 
poured out in consequence of the continued friction. 
According to these observations, therefore, the entire process 
of '* tube-building" is nothing but a process of secretion, the 
stimulus for which is found in the friction of the surface of 
the body against solids. This is confirmed by the following 
experiments. 

2. The thickness of the tube is dependent upon the 
degree of friction. If one Cerianthus is laid upon sand, 
while another is introduced into a carefully cleaned test- 
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tube, the former coostructa a firm tube ot mucus in the 
course of a few hours, while the latter which is kept in a 
test-tube, and the skin of which encounters but little friction 
from the smooth glass, forms a scarcely perceptible veil in 
the course of twenty-four hours* The greater amount of 
friction brings about a greater secretion and a more exten- 
sive tube-bnilding. 

3. I fastened a Ceriantlma to the underside of a cork 
floating at the surface of the aquarium. The Cerianthus 
was fastened to the cork by passing a pin through its body* 
The head and foot of the animal hung down loosely upon 
either side of the pin, I waited four weeks, but no mem- 
brane was formed ujxju the parts which did not come in con- 
tact with solid bodies. But a secretion occurred at those 
places where the Cerianthus rubbed against the cork or the 
head of the pin. The mass of mucus secreted at these points 
attained the thickness of a finger in four weeks. 

The wound occasioned by the pin m'^as not the cause of 
this secretion, but only the friction, for I observed the same 
phenomena in uninjured Cerianthi which remained for some 
time in the meshes of a wire screen. Only in the latter case 
it is very diificult to keep a Cerianthus very long in this 
position without movement. 

The formation of a tube by Cerianthus offers therefor© 
the same evidence of "artistic impulse'' as the secretion of 
saliva during mastication. 



XV. EXPEfilMENTS ON ORGANIZATION AND IBHITABILITY IN 
SOME UTHEH ACTINIA 

1, I have made experiments similar to those upon Ceri- 
anthus on the determination of the pituation of the new head 
in a number of other Actinians — Actinia equina of the Bay 
of Naples and the East Sea, Actinia cari, Adamsia Rondel- 
letti, Anemonia sulcata, Cereactis aurantiaca, etc. 
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I always fouDd that new tentacles were formed only upon 
the oral edge of the piece cut from the animal, while a new 
foot was formed only at the aboral end. Even though I 
have not thus far been able to cause a head to develop at the 
aboral end in Actinia as in Tubularia, still I consider it 
probable that this also will succeed because of a note I found 
in Contarini's Trattaio delle Attinie^^ according to which 
Diquemare,* who worked on regeneration in Actinia, once 
noticed such a heteromorphosis. A piece cut transversely 
from an Actinian " riprodurre in vece di un piede degli altri 
tentacoli e un altra bocca, cosi mangiara da due parti nello 
stesso tempo."' 

2. In these experiments the Actinia equina of the East 
Sea* behaved in some respects differently from Cerianthus. 
When I cut transverse pieces from Actinia equina, they 
formed teiüacles only^ and these without exception at the 
oral pole; I ncvei" saw a new foot formed upon transverse 
pieces of this animal. The wound only healed at the aboral 
pole ; no regeneration whatever occurred here, and the body- 
cavity of such an animal communicated with the outer world 
at both poles. Most remarkable, however, was the fact that 
both poles took up food, the aboral mouth being even more 
voracious than the normal mouth at the oral end. Substances 
were swallowed by the aboral mouth which the oral mouth 
as a rule does not take up. If a paper wad soaked in sea 
water is laid upon the normal mouth of an Actinia equina 
of the East Sea, it is not swallowed ; while a piece of crab 
meat, which by our tongue cannot be distinguished from the 
taste of the paper wad, is immediately taken up by the 
animal. I tied a paper wad to one end of a stout thread 

1 N. CONTARINI, Trattato delle Attinie (Venozia, 1S44). 

2 1 have not been able to obtain Diquemare's work. 

3 Very recently Professor Torrey, of the University of California, has observed 
heteromorphosis in an Actinian. [1903] 

*The Actinia equina of the East Sea is not identical in its physiological behaviof 
with the Actinia equina of the Bay of Naples. 
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and a piece of meat to the other, and then threw the whole 
upon the outstretched tentacles of a hungry animal. The 
tentacles which came in contact with the meat reacted at once 
by bending by which the meat was carried to the mouth ; the 
tentacles in contact with the paper did not react. I removed 
the thread and reversed the jxjsition of the meat and pai>er 
upon the oral plate, so that the tentacles which had before 
been touched by the paper were now in contact with the 
meat. The tentacles touched by the meat carried it to the 
mouth, while the tentacles touched by the paper let it fall 
The meat was then crowded into the mouth, and the thread 
was pulled in after it; but the pajier and a piece of the 
thread remained outside of the oral opening. No change 
occurred within the next twenty-four hours. After this 
period the thread was ejected, but without the meat. The 
latter had probably Ix^en digested. I have often repeated 
this experiment with the same result; only occasionally the 
thread was ejected earlier, and then a piece or all of the 
undigested meat was still attached to the thread. 

I divided an A. equina into two pieces by a transverse 
incision. The oral piece— which I shall call the head piece 
—had the old normal moath at its oral end; the body-cavity 
was open also at the aboral end of the head piece, and fotxi 
was taken up here likewise, even though no tentacles were 
present. The old oral mouth of the head piece showed the 
same choice in the taking up of tood after the division of the 
animal as before. But the aboral month of the head piece 
at times took up paper wads and swallowed them* Yet I 
saw it refuse paper wads while at the same time it eagerly 
took up pieces of crab meat. 

While the old mouth at times refused meat, the aboral 
mouth was nearly always ready to take up food* 

3* The following means, however, served to decrease the 
irritability of the mouth toward chemical and mechanical 
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stimuli. When I stood the head piece upon its oral mouth 
for but one hour, so that the mouth was in contact with the 
bottom of the vessel, the animal would take up no food for 
a long time (often as long as twenty -four hours) when again 
turned over. By similar means I could bring about the 
same effect at the new aboral mouth. But it was necessary 
to keep the animal with its aboral mouth downward a much 
longer time — half a day perhaps — and then the effect lasted 
only an hour. In this experiment it cannot be that every abnor- 
mal stimulus simply inhibits the irritability of the mouth. 
For a series of artificial mouths made by transverse incisions 
into an animal ate meat despite the wounds, immediately 
after the division of the animal. The (transitory) loss of 
the specific irritability of the mouth is probably due to the 
contact stimuli which act upon the mouth.* 

4. I laid pieces of Actinia which took up nourishment at 
both ends upon the side and tried to see whether both mouths 
would take up food at the same time. I first held a large 
piece of meat against the aboral mouth, which was, as 
usual, tightly closed in consequence of the contraction of the 
circular muscle fibers. The meat caused the mouth to open 
and to seize and slowly crowd it into the body-cavity. 
Before the piece of meat had been entirely swallowed I 
offered another piece to the oral mouth. This was also taken 
up. At the same moment the act of deglutition was inter- 
rupted at the other mouth by a firm contraction of the ring 
muscles. After a few moments, when the meat had been 
crowded into the oral mouth, the musculature at the aboral 
end relaxed and the piece of meat dropped out of the mouth. 
When I fed the two mouths successively, that which had 
been fed first gave up its food when the other began to take 
up its food. Peristaltic waves seemed to pass frequently in 
both directions in these animals in which the body-cavity 

1 Or the lack of oxygen. [1903] 
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IB opened at both ends. The mt*at after being swallowed 
was often ejec^ted iiiidi «jested. Actual nutrition of these 
animals was, uf eour&e, imiK>ssible. 

5, We have thus far eonBidered only the head piece of a 
divided Actinian, The foot piece which |x>sses9es an 
uninjured foot at its aboral end, and a cut edge at ita oral 
end, Boon rt^generates tentacles at this end and a normal 
mouth is formed* But even before the tentacles and mouth 
have begun to regenerate, the oral opening agsnmes the 
functions of a mouth. Pieces of meat are taken up and 
swallowed, while I have never seen it take np wads of paper 
or grains of sand. 

6* While the entire body of Cerianthus, with the excep- 
tion of the oral plate, is endowed with con tact -irritability, 
this contact-irritability is confined to the basal surface of the 
body of Actinia equina. By means of this surface the ani- 
mal attaches itself to solid bodies. The snrface of the foot 
has here the same function as the roots of Tubulär! a, only 
with this difference, that through (sixmtaneons) internal 
changes the Actinian can again leave the surface of the body 
to which it is attached, while this is not possible in Tubu- 
laria* It is interesting to note that the ftaiurc of the siir- 
face of the solid body is not a matter of imlifferimce in call- 
ing forih these reactions. When no other object was near, the 
animal attached itself to the glass wall of the aqnarium and 
slid about ufM:>n_it; when, however, I jjlaced the shell of a 
Mytilus in the aquarium, and the animal came in contact 
with it in the course of its movements, it immediately 
attached itself to it and remained there, it mattered not 
whether the shell was empty or occupied* 

The snrface of an ulva leaf in the aquarium acted in the 
same way as the surface of the mussel. While the animal 
would always leave the glass to which it was fastened, to 
attach itself to an nlva leaf when brought in contact with it, 
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the reverse phenomenon — namely, that the animal would 
leave the ulva leaf or the mussel shell to attach itself to the 
glass — occurred but rarely. This contact-irritability of the 
foot does not change when the head or the larger portion of 
tfie oral part of the animal is amputated. I kept the oral 
end of such a piece of an animal in contact with the bottom 
of the aquarium, while its foot extended upward. A slide 
was placed in contact with the foot, to which the animal 
might easily have attached itself, but this it did not do. As 
soon, however, as an ulva leaf floating in the aquarium came 
in contact with the foot, the animal attached itself to it 
immediately. 

7. The aboral pieces of transversely divided Actinia 
which still had a foot remained alive longer than the oral 
pieces. The latter usually succumbed to a fungus disease 
after a few weeks. The disease began ordinarily in the ten- 
tacles which had lost their turgidity after the operation. 
Contarini seems to have made a similar observation in opera- 
tions on Actinia (Aiptasia) diaphena. 

XVI. SUMMABY OF BESULTS 

In conclusion I wish to summarize briefly the chief results 
of these investigations. 

I. We saw first of all that there are certain animals in 
which it is possible to control the place where an organ is 
formed by external conditions, in such a way as to substitute 
in place of a lost organ one which differs from it in form and 
function (heteromorphosis). It is thus possible to produce 
at will forms with normal vitality, which differ from the 
hereditary forms produced by nature in a definite way. In 
detail the heteromorphoses thus far accomplished are the 
following: 

1. In Tubularia mesembryanthemum: 

a) If a piece of stem, which must not be below a certain 
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minimal size, is cut from Tubularia mesembrjranthemumi 
and lx>th its ends are surrounded by water, a bead is formed 
at both ends (Fig. 16), The head is usually formed more 
rapidly at the oral than at the aboral end. In this way it is 
possible to produce any number of bioral animals without 
interfering with their vitality. 

6) If a piece of root is carefully separated from the base 
to which it was attached, so that it is surruunded on all 
ßides by water, a head is formed at its aboral end. The root 
continues to grow but forms no jK^lyp if it is allowed to 
attach itself anew as a root. 

2. If a portion of the stem is cut from Aglaophenia and 
suspended vertically in the aquarium, it always forms a root 
at its lower end, according to ol^servations made thus far; it 
matters not whether the apical or the basal end is directed 
downward. Either a tip or a root is fornietl at the end directed 
upward (toward the 2enith)j but a tip is foimed the more 
readily when the apical end is directed upward. 

It is therefore possible to create biapical and bihasal 
forms (Figs. 17 and IS) in Aglaophenia; yet the certainty 
with which hi basal animals can be created is greater than 
that with which biapical animals can be produced. 

3- If the stems of Plumularia [xinnata are cut off close to 
the root and fired in a vertical position» but with the tip 
downward, a new tip instead of a new root may arise from 
the basal end, which continues to grow upward; more fre- 
quently a root first springs from this end, from which arises 
a stem that grows upward (Fig. 20, a, b). 

4a) If a piece is cut from the stem of Eudendrinm, and 
both ends are snrranndcd by water, new tijis are fur med at 
both extremities (Fig. 21, a, 6), Yet a variation occurs at 
times which I have not observed in the be fore mentioned ani- 
mals; namely, a new tip and a new root may grow from the 



same cut end. 
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ft) It was possible to cause the growth of roots in the 
middle of a stem by bringing this point in contact with 
solid bodies. 

5 a) It was possible to grow tips from the basal cut end of 
a stem of Sertularia polyzonia by fixing the stems in the 
aquarium with their basal ends upward (toward the source 
of light). New roots were usually formed at this end in 
addition to the new tips (Fig. 22, a, 6). 

b) So far as my present experiments go, new branches 
were formed only on that side of the old stem or root which 
was turned toward the light. 

6. It was possible to produce biapical animals in Gono- 
thyrsB Lovenii. 

II. In a long series of animals, particularly Actinians, I 
have not yet succeeded in causing a heteromorphosis of any 
kind. In these animals the position of the regenerated 
organ is determined (as far as our present knowledge goes) 
by the orientation of the fragment occupied in the uninjured 
organism, a new head is formed at the oral edge of a piece 
of such an animal, while a new foot is regenerated at the 
aboral end. This law governs regeneration, not only in 
Actinia, but also in Hydra, in certain starfish which I have 
studied, in a series of worms, snails, crustaceans, and animals 
still higher in the scale. 

III. The same behavior in organization is therefore found 
in the animal kingdom as in the vegetable. As is well 
known, it is possible to control the position of a new organ 
(just as in the animals given under heading I) in certain 
plants, while in others (as in Actinians) regeneration is 
dependent upon conditions which are at present unknown, 
and are apparently internal 

IV. The following are mentioned as some of the different 
forms of irritability which influence the orientation of animal 
organs: 
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1, Contact-irritflbility (Btereotropiem), 

a) In a series of Hydroids the root attaches itself to tbe 
surface of a solid body as soon as it oomes in contact with it, 
and continues to grow over its surface, adhering to it as 
clogely as possible. 

The stems of these Hydroids do not possess this irrita- 
bility* In Tubularia» in which the [>olyps are large enough 
to permit one to ex|:)eriuient n\Kin them, it can be shown that 
they possess the opposite kind of coutact-irritability. When 
brought in contact witlx the surface of solid bodies they bend 
away from it. By taking advantage of this irritability of 
the polyps, it is possible to bring about permanent (stereo- 
tropic) curvature in the Tubularian stem, 

h) Only the tip of a root which is growing attaches itself 
to the surface of a solid bwly. 

e) In order that the root may attach itself it is necessary 
that the contact stimulus should act for some titoe, 

(I) It has already been mentioned that con tact4rrit ability 
can cause the growth of roots in the middle of a stem— for 
example, in Eudendrium. 

£■) When in a number of Hydroids stems arise from the 
roots which have become attached to a solid botly, these new 
stems originate on that side of the roots which lies diametri- 
cally oi>iK.isite the solid body. 

2. Heliotroi>ism. 

a) 111 Hertularia (polyzonias?) the branches are positively, 
the roots negatively, heliotropic Only the growing i>arts 
show any heliotropic curvatures* 

ii Geotropism f ?)• 

a) When jK^ssible, Cerianthus membranaceus always 
assumes a [Ktsition in which its long axis is vertical, its oral 
pole upward, and its aboral pole downward. If the animal 
18 placed in a diiferent posit icju, the foot tries to gain its nor- 
mal orientation by bending vertically downward 




Hetebomobphosis 175 

6) The main root and the adventitious roots of Aglao- 
phenia, when they do not come in contact with the surface of 
solid bodies, bend downward and continue to grow in this 
direction; while the stems bend upward, grow toward the 
zenith, and arise from the upper surface of a horizontally 
growing root. 

V. The following phenomena are of importance in the 
general physiology of animal growth : 

1. For the growth of the tentacles of Cerianthus, as for 
the growth of plant tissues, it is absolutely necessary that 
the hydrostatic pressure in the cells of the organ exceeds a 
certain amount (that the organ is turgescent). 

2. The growth of the roots of Aglaophenia, Sertularia, 
and other Hydrozoa occurs only in a small region near the 
tip of the roots as is the case in the analogous plant tissues. 

3. When the roots of Aglaophenia, Gonothyreea, Plumu- 
laria, and Sertularia become attached to solid bodies, they 
grow in length much more rapidly, and their absolute growth 
is much greater than when they are surrounded on all sides 
by water. This has already been demonstrated by Dalyell 
in other Hydrozoa. 

VI. Of the special results the following only may be 
mentioned: If a transverse incision is made into the body- 
wall of Cerianthus near the oral plate, only those tentacles 
situated above the cut lose their turgidity, while the remain- 
ing tentacles retain theirs. The turgidity can therefore not 
depend upon a contraction of the body-wall which forces 
water into the tentacles. 



GEOTROFISM IN ANIMALS* 

L GEOTEOPIC CÜBVATUBES tN ANIMALS 

As A continuation of observations which I have already 
published^ I wish to give in the following pages some 
further facts which show that certain animalB are compelled 
to orient their bodiea in a definite way toward the center of 
the earth, as are certain plants. 

In order to show more clearly the similarity between the 
behavior of animals and that of plants in this respect, 1 
quote the following passage from Sachs on geotropism in 
the plant kingdom: 

Whenever portions of a plant are mo^ed by any cause whatso- 
ever from their haljitiial poisition into a different position with refer- 
ence to the horizontal^ tht^v bend until thej again asaiune the same 
relation with the horizon which they had originally. This bending*» 
which h bmught alx Jut thmu^h the mere change in ix>sitiou, is the 
effect of a geotropie stimulus, the consequence of some pjioperty 
of the organs which does not give them any rest until tht^y are 
again at their proper angle with the direction of the force of gravi- 
tation,' 

These geotropic bendings of plants, as Sachs adds, '*are 
brought about excluBively through growth^ and only those 
organs which are still capable of growth can therefore regain 
their normal position with reference to the horizontaL" 

I have jKJinted out in an earlier pay>er that the roots of 
Aglaophenia pluma, a Hydroid, have the tendency to grow 
down want. Curvatures at the same time take |>lace in this 
animal which are determined by internal causes, and which 

I Ffi^Q^t Archiv, Vol. XLIX (iBei), p. 175. 

Wit^ummi^ct. der Würtburger ph^tik.-mcd, Octeltfchaft, JB88« ^d Fart I» pp. 1 
■ad SB. 

I J. SachiIt Vorlesungen Üher Fjtofuen-FAjffiolpg^T 2<t ed. (X^ipsi^, 18S7), p. 717. 
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complicate the phenomena of geotropism. Recently, how- 
ever, I have discovered geotropic bendings in the growing 
portions of a diflPerent Hydroid (Antennularia antennina) 
which are not masked by any secondary phenomena. 

Antennularia antennina consists of a main stem about 
1mm. in diameter, and often 20 cm. long, which usually 
arises perfectly perpendicularly from a felt-like mass of very 
fine rootlets. From the main stem spring in regular order 
very delicate, short, unbranching lateral twigs, upon the 
upper surface of which are found polyps and nematophores. 
If such a stem is placed in any position deviating from the 
vertical, the tip of the stem, if it grows at all, bends sharply 
back toward the vertical and continues to grow vertically 
upward. Only the newly growing portion of the tip is able 
thus to change its orientation. If the orientation of the 
animal is not again altered, the stem grows absolutely ver- 
tically upward; it is negatively geotropic. The roots, upon 
the other hand, grow vertically downward ; they are positively 
geotropic ; yet the direction of their downward growth is not 
so perfectly straight as that of the upward-growing stem. 
As often as the orientation of the stem with reference to the 
vertical is changed, if any new growth whatsoever occurs, 
the stem bends toward the vertical and grows upward in this 
direction. 

But not only the orientation of the organs, but also the 
place where new organs originate, is dependent to a large 
extent upon gravitation. But I will speak of these facts at 
another place, and publish therewith the pictures necessary 
to illustrate them. 

These curvatures during growth are independent of the 
light. They occur equally well whether the stems are grown 
in the dark or the light room ; when cultivated in the light, 
so far as I have been able to see, their orientation is not 
affected in the least by the direction of the rays of light. 
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Other conditions than light and gravity which might have 
iDfluenced the perfectly vertical growth of thf* Btem, or its 
geotropic bendings, when ita jKiflition with reference to th© 
vertical was altered, were shut out in these experiments. I 
was not able to make any experimonta ufxin the centrifngal 
machine, as it takes some twenty -four hours to bring about 
the geotropic bendings, and because I could avail myself of 
no motive power which ran uninterruptedly for so long a 
time. There can be no doubt, however, that we are dealing 
in this case with a geotropic phenomenon. 

There are, on the other hand, animals which are capable 
of geotropic curvatures through muscular contnictionB with- 
out any aocompanyiug phenomena of growth. We find such 
conditions in an Actinian, Cerianthus mem bran aceus. This 
animal has the habit of burying itself vertically in the sand. 
If the animal is brought into any other orientation towtird 
the vertical, it bends its body downward, beginning with the 
foot, until the entire animal has again a vertical position J 

IL GEOTBOPISM IN FEEE-SWIMMING ANIMALS AND ITS 
ftlGKlFICANCE FOB THE EATHOMETBIC UISTHIBUTION UP 
CERTAIN PELÄÜ10 ANIMALS 

1 » Since the geotropic effects in the vegetable kingdom have 
been studied, in the main, only upon sessile organs» and are 
known in these only in the form of curvatures during growth, 
objection might perhajie \je taken to the fact that I intend to 
apeak of geotropism in free-swimming animals. But the 
term "geotropism" signifies only a dependence of the orien- 
tation ufxm gravitation, without saying anything concerning 
the mechanism of this dependence. It would therefore be 
mere i>edantry if we should declare that such dependence 
could be designated geotropism only in sessile and not in 
motile animals. I will lose no time in arguing this question, 

I Pait I, p. 15^. 
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and rather quote the words with which J. Sachs describes 
the geotropism of motile plants: 

I have already called attention to the remarkable way in which 
Plasmodia crawl up the stems of plants, flower-pots, and other 
comparatively high objects. They can be induced to do this most 
readily when moist glass plates are fixed vertically into tan bark 
containing young Plasmodia which are just, ready to creep to the 
surface. In the course of a few hours the mesh-like bodies crawl 
to the highest points of the glass plate, which can now be removed 
and observed directly under the microscope in order to watch their 
movements more accurately. It can scarcely be doubted that this 
impulse to crawl upward is to be considered the effect of a 
geotropic stimulus; that is to say, that an as yet unknown effect of 
gravitation upon the molecular structure of the protoplasm influences 
the movements of the molecules in such a way that the effect which 
we have described is finally brought about. It is scarcely necessary 
to add that the individual mechanical factors which play a role in 
this process are entirely unknown.^ 

Others dispute the idea that the Plasmodia are geotropic. 
They claim that these phenomena are the expression of a 
rheotropism and hydrotropism. 

I showed in one of my earlier papers that certain insects 
behave in a way analogous to the movements of Plasmodia. 
In the case of insects these movements are certainly not 
dependent upon rheotropism and hydrotropism. If certain 
insects, such as Coccinellse for instance, are introduced into 
a closed wooden box (and are in addition kept in a dark 
room in order to shut out every effect of light), they have a 
tendency to creep up the vertical walls of the box and to 
collect in the highest regions. The behavior of these 
animals toward gravitation corresponds with that which 
Sachs has described for Plasmodia. 

A similar phenomenon is noticed in marine animals. In 
this connection it contributes toward the understanding of 
bathometric distribution of these animals. The reader is 

U. Sachs, op, cit., p. 639. 
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undotibtetily familiar with the fact that many marine animals 
are found only at certain depths in the ocean» Thus far it 
has not been determined what conditions compel these 
animals to behave in this way, Groom and I together have 
ßhown how the heliotropism of certain jielagic animals must 
lead to periodic depth-migrations/ I can show by several 
examples that gravitation is also of importance in the distri- 
bution of pelagic animals at various depths, and that it is 
this force which compels certain animals to live in the sur- 
face regions of the water. 

Everyone who will watch the animals found about the 
rocks or piles near the surface of the ocean during a quiet 
sea will notice the relatively large proportions of Eehino- 
derma Some of these Echinoderms — such, for example, as 
Cucumaria cucumis which is found in great numbers in the 
Bay of Naples — live near the surface of the water, or not more 
than 30 m. below it. It can be readily shown, however, that 
Cucumaria cucumis is, like the Plasmodia or the Cocci uellre, 
compelled to crawl upward on vertical surfaces, and that 
apparently gravitation determines this behavior. Cucumaria 
cucumis has an elongated |)€?ntagonal Ixxly some 10 ur more 
cm. long, carrying at its oral pole radially arranged arlxj res- 
cent tentacles. Upon each of the five edges are fi.mud 
two parallel rows of tiny feet by which the animal is 
enabled to crawl upward, even xipon smooth glass plates. If 
these animals are introduced into an aquarium, they creep 
alxjut the Iwittom until they reach a vertical wall, up which 
they climb to remain at its highest pointy and when possible 
immediately iinder the surface of the water. The animal 
remains [permanently in this position and behaves like a 
BBBsile animaL 

If such a Cucumaria cucumis is j)ermitted to attach itself 
to a %'ertical glass wall which can be turned about a hori- 

I Qboom u?fD LfjKB, Biologischem CcniraWitm, Vol, £ ^890K 
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zontal axis in the aquarium, the animal endeavors unceas- 
ingly to creep upward as often as the plate is turned through 
an angle of 90°. We are not dealing in this case with a 
compensatory motion brought about by centrifugal force; 
while the plate is being turned the animal remains quiet, 
and not until some fifteen or 
twenty minutes later does it 
begin to move upward. 

Nor do we deal in this case 
with the effect of daylight 
entering the aquarium from 
above. If the animals are kept 
in an aquarium into which light is allowed to enter by suit- 
able means only from below and without, the animals con- 
tinue to creep up the vertical surfaces, the direction in which 
they move not being influenced in any way by the light. 

One might think that the need of oxygen determines the 
movements of Cucumaria toward the surface of the water, 
but it can be shown that this also is not the case. If a large 
beaker, from which the air has been removed by filling it 
with water, is placed in an aquarium upside down — that is 
to say, with the bottom of the beaker directed upward — the 
CucumarisB nevertheless continue to creep up to the bottom of 
the beaker. They do this even when the experiment is made 
as shown in Fig. 36. A bridge BB is suspended in the aqua- 
rium AA so that its horizontal part BxB^ is below the sur- 
face of the water n in the aquarium. In the bridge is a 
small circular hole o, over which the inverted beaker ahcd^ 
in which the air has been displaced by water, is placed. 
Fresh water is supplied through o under slight pressure 
by means of a suitably curved glass tube g. The Cucu- 
marisB nevertheless leave the neighborhood o, collecting 
either on the lK>ttom of the beaker cd or upon its vertical 
sides near cd. 
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Yet the hydrostatic pressure does not compel the animals 
to move upward to the surface of the water, for when the 
animals are ymt into a flat dish containing only 1-2 cm. of 
water, so that the animals are Just under the surface of the 
water, they also move to the vertical wall of the vessel and 
attach themselves to it, even though they are no nearer the 
Burface of the water in this [>Qsition than anywhere else in 
the aquarium. The nature of the conditioue of the experi- 
ment shuts out the possibility of rheotropism and hydrot- 
ropism. 

Exi>eriments with the centrifugal machine yielded no 
results, as the animals do not move at all during the rotation 
of the machine. The one condition which compels the 
animals to seek vertical surfaces and crawl upward is gravi- 
tation, I imagine that the way in which gravity compels 
the animals to move upward is similar to that which com j »els 
insects, such as the butterflies which have just left their pupa 
case, to crawl upward. Immediately after hatching, the 
wings of the butterfly are not yet unfolded, and the animal 
runs about in a restless way until it reaches a vertical sur- 
face upon which it creeps and remains, with its head directed 
upward, for a relatively long time, until the unfolding of the 
wings or other conditions cause the animal to become rest- 
less again. In cot^kroaches this de[3endence of rest and 
unrest upon gravitation is still more apparent. Tliey remaiJi 
(jerfectly quiet only when the weight of their bodies exerts 
a pull upon their legs, but not when the weight of their bodies 
presses ni)on their legs. Cucumaria cucumis seems to behave 
in ft similar way. The direction of the pull, however, influ- 
ences in addition the direction uf the progressive movements 
upward. Yet it is f»ossible tliat these reactions in Cucumariae 
and inseets are dependent upon specific organs, as in the case 
of vertebrates. 

This relation of Cucumariaa to gravitation compels the 
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animals to live in the upper regions of the sea. If a larva 
were driven into deep water, it wonld be compelled to crawl 
upward without ceasing, through its negative geotropism, 
until it had reached the surface again, or until death brought 
an end to these efforts. 

2. Other marine animals, which we also know to live only 
in the upper regions of the sea behave as does Cucumaria 
cucumis. Actinia mesembryanthemum of the Bay of Naples 
belongs to this class. If I remember correctly, however, I 
have never observed this behavior in the Actinian of the East 
Sea, which has the same name, but differs somewhat in its 
characteristics, from that found in the Bay of Naples. But 
certain starfish, such as Asterina gibbosa, are also negatively 
geotropic. All the experiments which I have made on Cucu- 
maria are successful also in Asterina gibbosa, with this 
difference, however, that when the exceedingly voracious 
Asterina has reached the highest point on a vertical surface 
and finds no nourishment there, it does not remain in this 
position permanently, as does Cucumaria, but begins to move 
or drop down after two days or even less time. Asterina 
gibbosa also lives only at the surface of the sea. 

Positive heliotropism acts, of course, in a way similar to 
negative geotropism. Asterina tenuispina lives near the sur- 
face of the sea, as does Asterina gibbosa. It is, however, not 
geotropic, but positively heliotropic. I laid a large number of 
the two species together in a heap in an aquarium into which 
light fell almost horizontally from one side only. Within a 
short time the two kinds of animals were clearly separated ; 
the tenuispinsB crawled along the bottom toward the source 
of light; the gibbosaB distributed themselves in all directions 
over the bottom and crawled upward ui)on the vertical walls 
without the direction of their movements being influenced 
by the light. In the ocean, in which only those rays of light 
which enter vertically are of im|X)rtance for the spatial 
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orientation of tbe animals, positive heliotropism must compel 
Asterina tenuispina to mo%"e to the surface of the water in 
the same way as negative geotropism dot^s Asterina gibbosn. 
Since Aster ina tenuispina is always i>ositively heliotropic 
(and does not alter its heliotropic sense as do the nauplii of 
Balanus), periodic depth*mi^ration8 do not occur io it as 
they do in the nauplii of Ealanus because of the change in 
the heliotropic sense of the latter, 

3. Preyer briefly mentions in his exhaustive work on the 
movements of starfish *Hhe tendency of these animals to 
crawl upward'' which he noticed in his observations on the 
climbing movements of starfish. Preyer writes as follows: 

The great tendency of starfish to move upward cannot be 
dejieudcnt upon lack of oxygeu, lack of food» or changes iu th« 
tcmpemture» or currents in the water, nor to a desire for light, for 
the upward movements tx'cur also where these conditions are not 
at work. So my property of the Ixjttom, or of tbat particular six3t 
on the bottom up*>n which the animal rests, and which has become 
unfit for the attachment of the anitual or its prolonged residcooCj 
probably comixrls the animal to climb upward. Vet parasites 
which I oft«n found in the ambidaenil feet of LuJdia may also 
cause them to move upward, hi so far as these stimidi may appear 
to the animal as origimtting from the horizontal bottom,' 

The first sentence in this generalization is incorrect, as 
light is indeed the factor which comjicls Asterina tenuispina 
to crawl upward. It is shown by the following ex|)€vriment 
that the nature of the bottom utx>n which the animal rests 
does not compel it to move upward* If Asterina gibbosa is 
placed in a cubical bos having glass sides, the animals leave 
the horizontal basal wall and climb up the vertical sides. If 
the box is turned through an angle of UO"^ about a horizontal 
axis» the animal leaves the wall, which has now become basal, 
and climbs up to, and remains uixin^ the wall which it left 
before when it lay horizontally. The character of the wall was 

< W, POSTER, MiUheitHj^^en att* der Moalogi^chen Station mu. Neapel^ Vol, Vll, 
mm 
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therefore not the cause of the movement of the starfish. 
Finally, when Preyer believes that parasites compel the 
animals to move upward, it is impossible to see why the 
parasites do not compel the animals which are fastened upon 
the vertical wall to leave it, as the stimuli caused by the 
parasites must now seem to the animals to originate from the 
vertical wall. Yet in reality Asterina gibbosa (and much 
more Cucumaria cucumis) remains upon the highest point 
of the vertical wall I believe it much more rational to take 
into consideration the effect of gravitation, which acts in a 
vertical direction, in explaining the upward movements of 
certain starfish. 

III. THE GEOTROPISM OP HIGHER ANIMALS AND ITS 
DEPENDENCE UPON THE INNER EAR 

The higher animals are also compelled, within certain 
limits, to assume a definite orientation toward the center of 
the earth. It is easily seen in many fishes that they orient 
themselves toward the center of the earth, both while swim- 
ming and while at rest, and that they direct their bellies, 
but never their backs, downward. If we try to compel such a 
fish to lie upon its back, it endeavors and succeeds, as soon as 
liberated, in reassuming its usual orientation. It is not 
physically impossible that such a fish should swim with its 
back downward, and only physiological factors are present 
which compel the fish to direct its belly toward the center 
of the earth. Even we are compelled to assume a certain 
position with reference to the center of the earth ; we dis- 
cover it when we bend our heads so that the top of the head 
is downward. The force which compels us to assume a defi- 
nite orientation toward the vertical is naturally not very 
great, yet it has a definite intensity, and it requires an 
external stimulus of a certain intensity, or a definite effort of 
the will, to act against this force in order to overcome it. 
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There is a second, better observed and more accurately 
studied* effect of gravitation upon higher auimals. This has 
to do with the axes of the eyes, which are also compelled to 
assume a definite position with reference to the horizontal. 
If the head of a fish is forcibly brought into a different posi- 
tion from that which it occupies normally with reference to 
the center of the earth, the eyes tend to reassume, either 
entirely or in part, their old orientation. These lasting 
changes in the position of the eyeballs with reference to the 
axes of the head which accompany a permanent change in 
the position of the head are also present, as is well known, in 
human beings- They can in this case, as in the case of 
animals, be compensated through appositely working optical 
conditions or internal stimuli, but a definite force exists in 
this case also to compel the axes of the eyes to assume 
their proper angle with the horizontal 

Light has nothing to do with these phenomena; they 
occur also, as is well known, in the dark, and in persons 
totally blind. 

We deal rather in these cases, as we know, with the 
activities of a definite organ, namely, the inner ear, Schrader 
found that frogs from which the inner ear has been removed 
upon both sides no longer endeavor to regain their position 
when laid u}>ou their backs J and Breuer has corroborated 
this oljöervation." According to a paj^r by Sewall,' to 
which I do not, however, have access, and with which I am 
acquainted only from the abstract which Breuer gives of it, 
the comf>ensatory movements of the eyes in sharks and skates 
were seriously affected by such lesions of the labyrinth as 
led to decided and [permanent disturbances in their move* 
ments. These esperimeutal facts^ indicative of the depend- 
ence of geotropic orientation U|x>n the ear, are not numerous 

ISCHBADEB, PßtirfJirM Arrhiü^ Vol. XLL 
äBREiT^Wt r/tflwtrpf Archiv, Vol. XLVllI, p* 237. 
*Se^ iU.L| Jtmrnat qf Fh^notoffj/t VoL IV. 
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compared with those on the dependence of movements upon 
the ear. And so it happens that Aubert and Delage* 
acknowledge the latter relation, but do not, as it seems to 
me, acknowledge the former. I myself do not doubt the 
belief of Breuer and Mach'' that the organs associated with 
the permanent changes in the position of the eyeballs, in 
movements of the head, lie in the inner ear; and I think it 
probable, in further accord with these authors, that these 
organs are more especially the otoliths. I therefore add the 
following results, obtained in a large series of experiments 
on the inner ear of the shark (Scyllium-canicula), principally 
to show that my ideas of the importance of the inner ear in 
the geotropism of the higher animals rest upon personal 
observations.' 

I. If the otoliths are removed (either with a pair of 
forceps or a small sharp spoon) from a shark (Scyllium- 
canicula) upon one side, say the left, the following changes 
occur in the animal in its orientation toward the center of 
the earth: 

1. The animal no longer swims, as does the normal, so 
that its medium plane is vertical, but it has a tendency to 
turn the left or operated side downward at an angle of from 
20 to 50°, or even more, with the horizontal 

2. The same change in the orientation can be noticed 
when the animal is lying quietly upon the bottom of the 
aquarium.. It then frequently lies resting upon the left 
lateral fins, while the right fin often does not touch the 
bottom of the dish. 

3. When the animal is in the normal primary position 

1 AUBEBT, Physiologische Studien über die Orientirung (Tübinfcen, 1888). 

3 Mach, Grundlinien der Lehre von den Beicegungsempfindungen (Loipzi^, 1875), 
p. 110. 

>In an addendum to his paper on the Function» of the Central Nercous System ^ 
etc. (Braunschweig, 1888), Steiner describes his experiments on "the semi-circular 
canals of sharks.'" This author has overlooked the fact that it is the function of the 
inner ear to call forth comi)cnsatory motions and positions, and so has failed to 
make obserrations on the geotropic functions of the ear. (See Mach and Bbeueb.) 
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its ©jes are rotated more or less about the long nxis of the 
body toward the left, so that the left eye looks downward, 
while the right eye looks upward. The (ijersistent) geo- 
tropic movements of the eyeballs upon changing the orienta- 
tion of the animal toward the center of the earth still occur, 
with this modification, however, that when the whole animal 
is turned alxjnt its longitudinal axis the amount of the com- 
|>ensatory movement of the eyes is added algebraically to 
that caused by the lesion of the ear- 

4. Only a slight change is noticeable, usually, in the posi- 
tion in which the j>ectoral fins are kept. The left lateral 
fin is turned toward the back while the right is turned 
toward the abdomen, 

II. If the otoliths of such an animal are removed from 
the other side also, all the phenomena described above dis- 
apiiear. Instead, however, now the following abnormalities 
appear: 

1, The animal is no longer compelltd to turn its ventral 
side toward the center of the earth. If one carefully attempts 
to lay it upon its back the anitnal does not resist, and when 
prevented from falling over, it remains permanently upon its 
hacL Wlien left to itself^ the animal is often found lying 
upon it^ back, or swimming in this ixjsition, even when it is 
entirely well and vigorous. 

2. The y)ermanent alterations in the |x>sition of the eye- 
balls, when the orientatiou of the animal toward the center 
of the earth is changed, are lacking. 

Ill* If the antrnm is opened and the same injuries are 
inflicted as are necessary to remove the otoliths — without, 
however, injuring these or the nerves of the antrnm — the 
phenomena described under I and II do not ap{Tear. Nor is 
this the case when large j>ioces are removed from the semi- 
circular canals without injuring the ampul Ibb. 

IV. If the left auditory nerve of the animal is cut» the 
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pheiiomena described under I are observed, only in a greater 
degree. If both auditory nerves are cut the phenomena 
described under II set in. 

V. If the otoliths are removed from one side and the 
auditory nerve is cut upon the other, the animal behaves as 
those described under II ; with this difference, however, that 
the eyes of the animal are turned about the longitudinal 
axis of the animal toward that side where the auditory nerve 
is cut 

. Also, as regards the so-called forced movements — which 
are not considered in this paper — the animal behaves as if 
it had been operated upon only on one ear, namely, that whose 
auditory nerve is cut. 

VI. A shark whose head has been cut off, and which, as 
is well known, still swims, is no longer forced to assume a 
definite orientation toward the center of the earth. When 
laid upon its back it no longer attempts to reassume its 
accustomed position with its ventral side downward. 

The disturbances in the geotropic orientation which fol- 
low the cutting of the auditory nerve have thus far contin- 
ued for a month. 

These observations, it seems to me, prove that the geo- 
tropic phenomena observed in the shark are dependent upon 
the inner ear, and support the assumption of Breuer and 
Mach that they are called forth by the otoliths. 

But we can determine how the inner ear forces an ani- 
mal to maintain a certain position with reference to the 
horizontal as little as the botanists can explain how geotropic 
curvatures are called forth in plants. We can only say, in 
harmony with Goltz,' or Mach and Breuer, that the animal 
comes to rest only under a certain arrangement of strain and 
pressure in the [)eripheral ends of both auditory nerves. 
This arrangement exists in the shark when the animal turns 

> Goltz, lingers Archiv, Vol. III. 
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its ventral side towartl the center ot the earth, and keeps iia 
longitudinal axis almost horizontal; but in every other posi- 
tion of the animal the altered distribution of strain and pres- 
Bure upon the ends ot the auditory nerves forces the animal 
again to assume its customary angle with the horizontal. 
This force is maximal when the animal lies on its back. If 
one of the auditory nerves is cut the animal is compelled to 
assume an oblique position in which the injured side is 
directed downward more than usual ; if Ixith auditory nerves 
are divided, no force exists to compel the animal to assume 
any deiinite geotropic position,' 

I will give a single example to illustrate what may be the 
further biological significance of geotropism* The reader is 
acquainted with the marked ditference in the pigmentation 
of the ventral and doi-sal sides of many animals, especially 
that of the fishes. This difference is to a large extent inde- 
pendent of light and is determined by conditions which accom- 
pany development* In part, however» it is direötly dependent 
upon light; the back, which is [>ermanently directed toward 
the source of light, must become richer in pigment than 
the ventral side* Cunningham has, indeed, been able to 
show recently that flatfish tlevelop pigment upon their lower 
surfaces in an abnormal way when these are illuminated by 
the help of mirrors, as strongly as their upper surfaces,^ 



■ T n<» Inniiror belle?e that thi) dimction of the watds of ^nnod has ^ny effect, 
whicb I cuusidtired poa«ibiü ld my [irf^^iminury paF>ur oa ifcotrupiam. 
ij. T. CuKNXNaauii Zootoui^fie Ajaeigtr^ Vol. XIV (ifidl). 




VI 
ORGANIZATION AND GROWTH» 

I. THE DEPENDENCE OP ORGANIZATION IN ANTENNÜLABIA 
ANTENNINA UPON THE ORIENTATION OF THE ANIMAL 
TOWARD THE CENTER OP THE EARTH 

1. The diflference between physiological morphology and 
the purely descriptive morphology lies in this, that the for- 
mer endeavors to control the formation of organs. Its aim 
is, therefore, primarily a technical one. Since almost every- 
thing is still to be done in this direction, at present those 
cases will be especially welcome in which the means of con- 
trol of the morphogenetic processes are very simple and yet 
perfect. I have found that in Antennularia antennina, a 
Hydroid, it is possible to control the morphogenetic process 
with the aid of the position given it with reference to the 
center of the earth. By this means we can not only at will 
cause another organ to grow in the place of an amputated 
one, but we can compel an uninjured existing organ to stop 
growing in its old form and form an entirely different organ. 

2. In Antennularia antennina (Fig. 37) a straight 
unbranched stem SS, about 1-2 mm. in diameter and often 
more than 2ücm. long, arises from a mass of roots TF". Deli- 
cate lateral branches of limited growth and directed slightly 
upward spring from the stem in regular order. Upon the 
upper surface of these are polyps and nematophores, which 
are indicated only by points in the drawing. In order to 
save room, only the lower third of the stem has been drawn. 

I have previously jK)inted out that Antennularians show 
a decided geotropism; that is to say, the growing parts of 

1 Wflrzbnrg: G^rg Hertz, 1891. Although dated 1892, this pamphlet appeared 
inl89L 
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these aiiimftla are com{>elIe(l to assume a definite orientation 
toward the center of the earth/ If the growing stem of an 
Antennularian is put int j m\y other thaia a vertical position, 
the growing tips t>eml until the stem again 
stands vertically, after whiuh it grows straight 
upward. The root, upon the other hand, grows 
vertically downward, but not so directly as the 
stem. The stem is negatively, the root posi- 
tively, geotropie. The stem ah (Fig. 38) origin- 
ally stood vertically. I tilted it so that it 
formed an angle cbn with the vertical ; the newly 
formed piece he grew vertically upward after 
this change in f>osition. I then put the stem 
hack into its uld position, after which growth 
continued in a vertical direction cd^ Fig. B9 
also shows an upward bending of the stem, 
Koots growing downward are shown in IF (Figs. 
40 and 41). Wliile the tip of the growing 
stem dfjes not weary of growing vertically 
upward whenever its position toward the 
horizon is slightly altered, the root is 
much more sensitive. It does not bear 
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changes in position very well, and I have been able to 
demonstrate positive geotropism only in newly grown 
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roots. Light has no demon- «^ 



orientation of Antennularia* 
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one side only, the animals \/ 
and the same; oc^cnrs also io > 
uli, however, affect the orien- 



strahle effect upon the 
Even when lighted from 
continue to grow upward ; 
the dark.' Contact stim- 
tation. When the roots 




FIG. 40 

are brought in contact with a solid body, they attach them- 
selves to it and grow over its surface. The stems and branches 
do not possess this 
form of irritability. 

3. With these pre- 
liminary remarks, I 
shall show huw regen- 
eration and heteromor- 
phosis depend u|x}n 
the orientation of the 
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ah (Fig. 42) represents 
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FIG. 41 

stem with reference to the horizon. 

a piece cut from the stem of an Antennularian ; a is the 

1 The specimen grew only slightly in the dark. This may, however, have hap- 
pened only by chance. 
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apical and 6 the basal ead (root), ab is suspended ver- 
tically in the aquariam so that both cut ends are surrounded 
by water; a is directed upward, h downward, Complt^to 
regeneration occure, a new stem S being formed at a, while 
one or more roots W are formed at b; the former grows 

upward, the latter down- 
ward. 

We rej:H?at the same 
experiment with another 
piece of stem, only this 
time the basal end b is 
directed upward, while tlie 
apical end a is directed 
dowTiward, A stem S is 
formed at the basal end 
which is directed upward^ 
while one or more entirely 
normal and growing roots 
are formed at the apivat 
end which is directed 
dowmtard (Fig. 43), Deli- 
cate lateral branches spring from the new stem which are 
directed slightly upward and carry polyps u]:>on their upper 
surfaces. The new branch is an image of the old. In this 
way a heteromorphosis is readily brought about in Antenuu- 
laria. 

4- If a piece of the stem of Ant ennui aria is suspended, 
not vertically, but obliquely, in the aquarium (Fig, 44), a 
stem S which grows vertically upward arises from the upper 
cut end; from the lower end b spring roots which grow verti- 
cally downward; it matters not whether b is the apical or 
the basal cut end. Thus far this experiment shows nothing 
new. But branches Si and S^, and roots W| and Wy, may 
arise from any other element of a stem put obliquely. The 
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essential point is again this, that the place of the new growth 
is determined by the orientation of the stem toward the cen- 
ter of the earth, inasmuch as stems arise only from the upper 
surface, the roots only from the lower surface, of the element. 
That a new stem may arise from the upper surface of any 




FIG. 45 

element of a stem which is put obliquely is evidenced by the 
fact that such stems arise at times from the upper surface of 
the lowest elements of the animal. Such a case is shown in 
Fig. 45. The stem of an Antennularian was bent so that 
the two ends were directed obliquely downward. New stems, 
S,, Äj, S„ S^, /S5, have formed upon the upper surfaces 
of different elements of the old stem. Ä has grown from 
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the upper surface of the lowest element. That stems are 
formed upon the upper, while roots are formed upon the 

lower, surfaces of the stem, when it occupies any other 
than a vertical |x)sition, is best shown when stems of an 
Antennularian are suspended horizontally in the aquarium 

so as to be surrounded on all 
sides by water. If the experi- 
ment is continued for a long 
time, other phenomena occur, 
especially root formations, a 
discussion of which we shall 
give later. If this fact is borne 
in mind, Fig, 40 may serve to 

Zg % / illustrate such an instance. In 

/ Fig, 41 is shown how a new 

"^ ^ stem arises from the basal cut 

end and from the upper surface 
of a stem lying horizontally* 

II, CXJNTINUATIOK OF THESE 
EXPERIMENTS AND HETEftO- 
MORPHOSIS IN UNINJ0HED 
ORGANS 

1. It is not only possible 
by the aid of gravity to cause 
the growth of another organ 
in place of one that has been 
lost, but we can also cause an 
uninjured organ to grow into 
a typical organ of a different kind by making use of the 
same force. 

If a piece is cut from the stem of an Antennularian, and 
this is laid horizontally into the aquarium so as to be atir- 
rounded by water, the tiny lateral b ranchers situated on the 
under side of the stem begin to grow after some time — 
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about one or two weeks. But they do not grow in the old 
direction obliquely toward the tip of the stem, but instead 
vertically downward. Nothing of this sort happens to the 
branches situated upon the upper surface. The newly formed 
organs which grow vertically downward look exactly like 
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FIG. 47 



FIG. 48 



roots, and that they are indeed such can be proved physio- 
logically. If they are brought in contact with a solid body, 
they attach themselves to it and grow over its surface. Be- 
sides being positively geotropic, they are also positively 
stereotropic — a form of irritability possessed only by the 
roots, but not by the branches, of Antennularia. Such an 
Antennularian stem is shown in Fig. 40, in which all the 
branches of the lower surface have been transformed into 
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roots. Several of the branches on the upper surface in the 
neighborhotxl of the growing stem cd have also become 
roots, but this is an exception which we shall discuss later. 

2. I cut some long pieces from the stem of an Antennula- 
rian, bent them, and hung them into the aquarium, as shown 
in Figs. 45, 46, 47. Both ends were oriented in the same way 
toward the center of the earth. After some time (Fig. 46) 
the branches of the under surface of the nearly horizontal 
piece ah began to grow as roots. Some time later the same 
occurred in all those branches, the iipß of which were 
directed downward. In Fig. 47 is shown a second sjiecimen 
of the same series of esi>eriments, but drawn six week later« 
All the branches from a to 6, the tips of which were directed 
downward, have grown into roots. Bj carefully studying 
Fig* 45 this phenomenou can again be observed; only I 
must call attention to the fact that this drawing was made 
very shortly after the beginning of the experiment,aud that the 
formation of roots had consequently not progressetl very far. 

MacroBcopically the course of the heteromorphosis of a 
branch is as follows: The tip of the branch situated nix)n the 
lower side of the stem dies, and the polyps and nematophores 
disappear. The new root then gproutf* from the free distal end 
of the branch, without any operative injury whatsoever hav- 
ing been inflicted ujion the branch* 

3. While I always succeeded nnder the conditions de- 
scribed alx>ve, in causing the lateral branches tu grow into 
roots, I succeeded only once in making them grow into a 
stem* This is shown in Fig. 48. A short piece ah of an 
Antennularian stem was laid horisson tally in the water. 
After some time the tip of one of the lateral branches c 
began to grow vertically upward. No new lateral branch^ 
wt^re formed upon it A similar negatively geotropic new 
growth an>se from the aboral cut end at a* 

4. The heteromorphosea possible through changes in the 
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orientation of Antennalaria toward the center of the earth 
are not exhausted by what has been said in the foregoing. 
It is possible to cause the growing tip of the stem to cease 
its growth and develop into a root. This is done by invert- 
ing the tip. I cut long pieces from the stems of Antennu- 
larifiB and hung them vertically 
in the aquarium, but in an 
inverted position. A rapidly 
growing stem was formed at 
the upper — that is to say, the 
basal — end. When it had 
attained a certain height, I 
turned the whole animal about 
a horizontal axis through an 
angle of 180°. Not in a single 
instance did the tips of the 
stems bend upward — as the 
negatively geotropio parts of 
plants usually do under the 
same conditions — but they 
censed to. grow and one or more 
roots formed at their tips. 

Fig. 49 shows a stem at the 
end of such an experiment; 
ah is the piece of stem upon 
which the experiment was 
started. It was at first fixed 
in an inverted position, so that the basal end b was directed 
upward, and the apical end downward. The new stem be 
sprang from the basal extremity, grew vertically upward, 
and gave rise to lateral branches which were directed slightly 
upward and carried polyps upon their upper surfaces. The 
roots W^ formed at 7>, at the base of the new stem, as was usually 
the case when the old stem did not stand entirely vertical. 




FIG. 49 
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From the lower apical end sprang the downward- 
growing roots W^ which remainml much shorter 
than the roi^ts TFj. A eompletö heteromor- 
phoeis had therefore been produced, a 
root having been formed in pkce of the 
old tip, and a stem in place of the 
root I now tnrnt'd the whole animal 
about a horizontal axis through an 
FIG, 50 ' (1^ angle of nearly 180**, by which 

|>rfx^es9 the animal was jilaced 

in the position shown in the 

* drawing. The arrow indi- 

catea the direction of the 

vertical» The tip of the 

stem which was now 

directed downward 

ceased to grow, but 



were formed 
at ita lower end 
c, and, besideß, 
other roots, W^ , 
sprang from its 
lower Burface* These 
(perhaps came in part 
or entirely f n^m the lateral 
branches. The old roots 
at a continued to lire, so 
that the animal terminated in 
roots at both ends. 

The same series of phenomena, 
differing only in detail^ is shown in 
Fig* 50* The stem ab was suspended 
obliquely in the aquarium, the apical ' 

end 5 being higher than a. The stem 
de sprang from the surface which at that 
time had been upf*erraost, and from an ele- 
ment lying fairly low down upon the stem. 
Eoots IV sprang from the jxjint which origi 



the stem retained 

its vigor and its 

normal appear* 

ance. Several 

^ roots W\ 
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nally lay opposite r/r, and from the lower cut end a of the 
stem. When the new stem had attained the length de, 
I tnmed the whole animal about its axis, so that b and e 
were directed downward, and the specimen was in the posi- 
tion indicated in the drawing. The stem de ceased to grow, 
and a delicate root W^ , growing downward, was formed at 
e. The drawing was made soon after the root began to 
grow. Besides being formed at e, roots W^ also grew from 
the apical cut end b which was directed downward ; the three 
stems Sg, S3, S^j were formed upon the upper surface of 
the stem with their corresponding roots W^, W^, W^. 

5. In all these experiments one fact — which is, however, 
not a specific property of Antennularia — constantly repeats 
itself : new growths arise much more easily and numerously 
from the basal than from the apical end. I have observed 
the same fact in Actinia mesembryanthemum, and A. von 
Heider mentions it in connection with Cladocora.* 

In general, too, the formation of roots in Antennularia is 
dependent upon the formation of a stem. If a stem is 
formed at any point, roots also form after some time, at first 
upon the under surface of the old stem, then upon the upper 
surface in the immediate neighborhood of the new stem, 
and finally at the lower end of the new stem itself (Fig. 40). 
It is self-evident how such phenomena complicate the 
influence of orientation upon the place where new organs are 
formed. 

6. I cannot say precisely how the position of the new 
organs formed in Antennularia is determined by the orienta- 
tion of the animal toward the center of the earth. Naturally 
the effect of gravitation cannot be different in animate from 
what it is in inanimate nature, and there would be no reason 
for being disappointed should it be found that the apparently 
mysterious effect of gravitation upon organization in Anten- 

1 A. VON Heider, Wiener Sitzungsberichte, Vol. LCCCIV, Part I (1881), p. (»4. 
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nularia consists, for example, in simple hydrostatic effects. 
It would also be entirely useless to ask whether gravity is 
'*the cause" of organization in Anteimularia ; naturally it is 
only one of the conditions determining organization. Under 
ordinary conditions, however, it i^ of {paramount importance.' 

I add these remarks since it seems to me that the work 
of Pflüger on the effect of gravitation u{x»n the division of 
cells is misunderstood in some of its points, and its value to 
the further development of physiological morphology is not 
appreciated as it should be. 

7, I shall in conclusion describe an experiment which I 
found in the botanical literature on the transformation of 
organs in plantB through external forces. The reader may 
see from it that plants and animals are not essentially differ- 
ent in regard to the physiology of organization, 

I choose as an illustration NolVs^ experimenta on 
Bryopsis, which perhai>s represent the most successful 
experiments ever made on the control of organization in 
plants through external forces. According to Noll, the 

so-called " leaf-barbs '* (leaves) of Bryopsis mucosa arise near the 
tip of the upright stem. They are hollow tuljes which spring from 
the main ^tein in two rows at an angle of alK>ut 45°, The roots 
ari^^ from the lower part of the plant and grow away from the 
light into the ground, where they l^ecxjnie attached to the particles 
of earth much as do the root hairs of the higher phints. The 
stems and leaves do not show this reaction to contact stimiüi. 

The morphological differentiation of the organs seems to 
be much less marked in Bryopsis than in Antennularia, 
for, according to Noll, "by examination of a single organ 
doubt can easily arise as to whether the fragment originates 
from a root, a stem, or a leaf tubule,^' In a normal Antennu- 

■ In hm GrundtitM der Naturlehrc., BIacb deaues rawtc and effect as fallows: 
'^ Die miflFalieudsto BchHii^uiik dt^r «in»rt'trpti?ncii Vcraiuieruiig pflci^t ma a die 
Urs^aehcii, dio V<;rfliidcri]U(; ia:lbsX dk^ Wirkung ku uiMitieu/' 

J F, NoLJ., Arbi^ii^n tia tmtantMchen InatiUU in WürMburjf^ Vul. Ul (Iieijjaiti 
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laria it is an easy matter to diagnose the organ from which 
a fragment has originated. If such a Bryopsis is laid hori- 
zontally upon the ground, "the growing stem becomes erect 
at its tip, the leaf tubules again grow obliquely upward at 
their usual angle, and the root tubules grow downward into 
the dark earth." Noll then tried "whether a root could be 
produced from the tip of the stem, and a new stem from the 
root tubules." He suspended plants from which the roots 
had been cut in glass tubes in an inverted position, that is, 
with the tip downward. When the experiment was brought 
to a close after some time, 

the tip in a number of plants had greatly increased in length, but 
instead of growing upward it had grown downward into the sand, 
was bent, and intimately connected with the grains of sand ; in 
short, it had been transformed into a typical root tubule. Even 
the few leaves which had been formed had also grown into roots. 
Another series of these specimens did not show this transformation ; 
in these the tips turned upward at an acute angle and returned in 
their old direction ; they remained stems. 

In regard to the latter point the behavior of Antennularia 
is essentially different. When the tip is directed downward, 
its growth as a stem ceases immediately ; never under these 
circumstances does it bend so as to grow in its old upward 
direction. 

Further growth can now take place only in so far as the 
tip continues to grow as a root. In NolFs experiments a 
tubule which grew upward arose at the up[)er basal end, and 
in some cases showed a beginning barbule formation. 
According to Noll, light is the essential factor in the control 
of the morphogenesis. 

III. THE artificial PRODUCTION OF A VARIETY OF 
ANTENNULARIA ANTENNINA 

The main stem of Antennularia antennina is unbranched. 
In the hundreds of specimens that passed through my hands 
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in Naples I did oot find a single exception to this rule. 
When a piece was cut from the stem of Antennnlaria anten« 
nina and a new stem grew out of it, either through regenera- 
tion or through heteroniOTi>hosis, the newly formed stem 
had, under ordinary eircumstancea, all the characteristics of 

the old — it grew upward with- 
out branching. 

Under certain external con- 
ditions, however, an entirely 
diflFerent kind of atem was 
regenerated. At first a short 
stem grew straight and verti- 
cally upward, but from thia soon 
sprang a new branch having the 
diameter of the old. Since 
every branch one after another 
gave rise to other new lateral 
branches, w*hich after a time no 
longer grew i>crfectly vertically 
upward, forms of Antenuularia 
with many ramifications 
originated. Faithful represen- 
^0- 51 tat ions of three such forms are 

given in Fig. 51. Tliey all arose from stems lying absolutely 
horizontal, or nearly so, two at the apical end and one at 
the basal end. No branches were formed* 

I have, moreover, made experiments to decide whether 
pieces of the old stems w^hich under abnormal conditions 
gave rise to variations would produce un branched or branched 
antennina stems when brought back to normal conditions. 
Under these mnditions they formed onltf unbrmwhed unten- 
ninci stems. 

Under the abnormal conditions, however, not all the 8tems 
branched; this happened only in part of the si>ecimens. 
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I shall have to continue the experiments before I can 
discuss the conditions which determine the formation of 
these abnormalities. 

IV. ON THE INTEBNAL CAUSES OP OBGANIZATION IN 
TUBULABIA MESEMBBYANTHEMUM 

1. In most animals at a cut edge with a definite orienta- 
tion only one kind of organ originates. If the tail of a 
lizard or a salamander is amputated, only a tail and not a 
head is regenerated in its place, and a lobster develops a new 
pincer in place of the one lost, and never anything else.' 
Nor can it be said that only the higher animals show this 
inflexibility in organization. As shown by all the exiperi- 
ments which have been made upon it for a hundred and fifty 
years, Hydra behaves thus; even in Infusoria Nussbaum 
found such a relation to exist between the new growth and 
the orientation of the wound.' In plant physiology the 
instances in which complete control of organization through 
external forces is possible are very scarce. In the majority 
of these experiments, also, it seems that internal, and at 
present unknown, factors essentially determine the position 
of the organs. If we wish to control these internal con- 
ditions in animals, we must try to obtain further information 
concerning them through experiments. In order to give the 
reader a clearer idea of the role of these internal causes in 
animal morphogenesis I will remind him of the experiments 
upon Cerianthus membranaceus, given in the first volume of 
my Physiological Morphology.^ The oral pole a of Cerian- 
thus differs markedly morphologically from the aboral pole h 
(Fig. 52). To be brief, I will mention only one difference — 
that tentacles arise from the oral pole. If a rectangular piece 

1 This is no longer correct. Herbst has shown that in Crustaceans in the place 
of an eye a new eye ur a new tentacle can be pro<luced at desire. [ 19()3J 

<M. XcRHBAUM. Archiv für mikroskopische Amttomie^ Vols. XXVI and XXIX. 
• SeePartl, p. 115. 
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cihf is cut from the body of an Actinian, tentacles are 
formed upon only on© of the four cut edges, namely, upon 
the oral surface ef. Prom this and similar exjMariments — 
which may be read in the original — it follows that the place 
where the new tentacles are formed in a fragment of Cerian- 
thus is determined by the orientation which 
the fragment bad in the intact animal ; just as 
in every fragment of a broken magnet the 
position of the |K>le8 is determined by the 

□ I orientation of the piece in the unbroken 

I magnet. From this analogy — ^ which, how- 

ever, goes no further— the term ''polarity'* 
has recently been applied to the organization of 
such animals- According to this idea, Cerian- 
thus would be a typical ''polarized animal/* 

Now, Cerianthus is not a satisfactory sub- 
ject for investigation of the causes of "polar- 
ity ;" Tubularia mesembryanthemum, a Hydroid, adapts itself 
much better to these experiments.* Tubularia ends in a root 
at its aboral end, and in a p«jiyp at its oral end. If a piec© 
is cut from the stem, and lx>th cut ends are surrounded by 
water, a heteromorphosis results, as I have shown in a former 
paper» A polyp arises from both cut endsj and a bioral animal 
is obtained. Yet the formation of polyps is different at the 
two ends in one particular; it is always more rapid at the 
oral than at the aboral jxfle. In so far as this fact renders 
it possible to determine which was the oral and which the 
aboral end in the uninjured stem, it can still be considered 
as an expression of jxvlarity. The following exj>eriments 
deal with the internal contbtions which determine tlie differ- 
ence in time between the formation of the |>oly[*s at the oral 
and at the aboral ends in Tubularia. 

The starting-point of these exjieriments is J, Sachs '8 

VSoe Part I, p. lis. 
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theory of organization.* Sachs assumes that "with differ- 
ences in the forms of organs are connected differences in the 
substances composing them," and that "from principles 
which hold for all sciences we must assume that the differ- 
ences must be derived causally from the differences in 
chemical constitution" (p. 425). "We shall have to assume 
the existence of just as many specific formative substances 
as there are different forms of organs in the plant." The 
specific morphogenetic substances are affected through 
external conditions, especially gravity and light, "so that in 
certain cases the spatial arrangement of the different organs 
is • determined thereby." The monstrous formation of an 
organ at the place where normally another organ should 
exist — as in the case of heteromorphoses — Sachs attributes 
to an absence of the specific substances necessary for the 
formation of the normal organ at this place, and the presence 
instead of the specific formative substances of another organ 
(p. 464). Sachs also explains why any regeneration what- 
soever of roots or stems occurs in plants deprived of them. 
"Why is it that the simple removal of a piece calls forth a 
regeneration of organs at places where this never would 
have occurred without some disturbing influences such as 
the removal of the piece?" (p. 470). The answer is as 
follows : 

I assume that as long as a green-leafed plant with an upright 
stem is nourished and growing, the specific formative sul)stances 
for the root flow from the assimilating leaves to the system of roots 
at the lower end of the stem, while the substances forming the stem 
flow in a similar manner upward toward the growing points of the 
stem and the branches. If a piece is cut out of the stem or the 
root, the cut siuf ace in itself offers a barrier to the further move- 
ment. The specific formative substances contained in it will, in 
consequence, collect in the neighlxjrhood of the two cut surfaces. 
Those substances leading to the formation of roots will collect at what 

> J. Sachs, Arbeitendes botanischen Instituts in Würzburg^ Vol. 11 (Leipzig 
1882), pp. 452, 689. 
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has thus far ])een the lower end of the piece, while those substances 
leading to the fonnation of stems will collect at the upper end. 
Since their flow is stopped here, which would have been impossible 
in the uninjured plant, they give rise to the roots and stems at the 
corresponding ends. In a piece of leaf capable of regeneration both 
kinds of formative substances will Ijo moving simuitaneouslj 
toward the basal end to flow toward the stem; stopped 
bj the cut surface, they collect there to form stems 
and roots simultaneously. (P. 170.) 

Finally, "the different formative fiubstances are 
produced only in limited quantities'' (p. 4t>8), 

Corresponding to this theory we assume that 
there are present in the stems of a Tabularian 
Bpecific substances for the formation of polyps 
which gather at both cut ends and thus bring 
about the formation of polyps* These substances 
must, however, ceteris parihuSi collect more 
quickly, or in sufficient amounts, sooner at the 
oral than at the aboral cut end ; and the cause of 
this difference is to be determined by experiment. 
3» It might at first be thought that the sj>ecific 
Bobstances necessary for the formation of polyps exist from 
the beginning in greater amount at the oral end of a Tnbu- 
larian stem than at tho aboral, and that a polyp is, in conse- 
quence, formed moro quickly at the oral than at the aboral 
end- To ascertain whether this be true I amputated the 
root and the polyp of Tubularians and cut the remaining 
stem ab (Fig. 63) in half by a transverse incision between c 
and iL All four cut ends were surrounded by water. If 
now the substance necessary for the formation of polyjis 
irere present in larger amounts in the oral half ac than m 
the aboral piece &d, the former should form polype sooner 
than the latter. Yet polyps were formed at about the &ame 
time upon both pieces, only the oral cut ends a and d 
developed polyjjs much sooner than c and b. I have already 
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described this experiment in the first volume of my 
Physiological Morphology. During my last stay in Naples 
I repeated it, and found that in one case the polyps at a 
were formed about twenty-four hours earlier than at d. 
But this difference is not great enough to explain the differ- 
ence in time in all cases between the formation of polyps at 
the oral and at the aboral end, which not infrequently 
amounts to one or more weeks. 

4. Another possibility is conceivable. The substances 
necessary for the formation of polyps are formed in the 
stems of the Tubularia, and move in both directions, but 
the movement occurs first in the direction from root to oral 
pole (upward), and more easily than in the reverse direction. 
If this assumption were correct, then when we divide the 
stem ah as above, the polyp at the oral cut end d of the 
aboral piece bd ought to be formed distinctly earlier than at 
the aboral end c of the oral piece ac, because the formative 
substance of the polyp has to move in the first case in the 
direction from root to polyp (upward) ; in the second, in the 
reverse direction. 

I picked out eight healthy specimens of Tubularia from 
a colony, amputated root and polyp, and divided the remain- 
ing pieces ah by a transverse incision between c and d. The 
pieces ac were fixed in an inverted position, the pieces hd in 
an upright position in narrow glass tubes standing vertically, 
so that only the ends c and d were surrounded by water and 
could form polyps. After three days two poly{)S were formed 
on the d ends ; upon the following day all the d ends carried 
polyps. On this day the formation of polyps only just 
began on the c ends in two of the s{)ecimens; not until four 
days later was regeneration complete in all the si^ecimens. 

In a second experiment I used nine Tubularian stems. 
After three days all the (/ ends had polyps, while regenera- 
ation had only begun in two c ends ; only three days later 
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had regeneration liegun in all of these specimens. In 
other experiments, also, the same results were obtained. 
That the orientation of the Tubularian stem toward the 
center of gravity has no effect I have mentioned in the 
preceding pajier iv; and I have corroborated this finding 
by careful control exjmrimentB* I suggested in paper iv 
that regeneration perhai>s occurs more rapidly at the oral 
pole becnuse a distinct difference in the diameter of the 
lumen usually exists between the two extremities* The 
exj^eriments cited above show that this suggestion is incorrect ; 
there is no difference in diameter at a transverse section, 
and yet regeneration always occurs much earlier at the one 
cut end than at the othen 

5* If the Tubularian stems used in the experiment are 
very turgescent, and highly pigmented ^ the difference in 
time between the formation of the oral and the aboral jjolyps 
may be very slight, and amount to only a few days. Very 
often one finds pale Tubularife which form yjolyps within the 
usual time at the oral pole, in which, however, the j.K>lyps at 
the aboral pole are formed only after one or more weeks. 
I made the following experiment upon such animals : T fixed 
eight animals (I) taken from one colony vertically, in the 
sand, but with their oral ends downward, in order to prevent 
the formation of polype at these ends. At the same time I 
suspended seven other animals (II) of the same colony also 
vertically and in an inverted position in the aquarium, but 
BO that both ends were surrounded by water. These animals 
had to form polyps at both cut ends. All animals were kept 
in the same aquarium, and were therefore ex[>osed to the 
same temperature. After three days the first few new jxily [m 
were formed at the oral pole of those Tubulariaus {II) of 
which both ends were surrounded by water. On the next 
day all of these had formed P0I37JS at the oral cut end. The 
same day, however, polyps were formed in five of the animals 
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of the other group (I) — at the aboral end; and on the day 
following, regeneration was complete in all of the animals of 
this group. In Group II, on the other hand, in which the 
animals had formed polyps at the oral pole, regeneration did 
not set in at the aboral cut end until five days later ; and not 
until six days after this was regeneration complete. The 
formation of polyps at the aboral pole was therefore com- 
plete eleven days sooner in the animals of Group I, in which 
the formation of polyps was prevented at the oral pole, than 
in the animals of Group II, in which polyps were formed at 
the oral pole. By preventing the formation of polyps at 
the oral pole^ the formation of polyps at the aboral can 
therefore be accelerated. I have repeated this experiment 
some ten times, but always with the same result ; usually the 
delay in the formation of polyps at the aboral end caused by 
allowing polyps to develop at the oral end was even greater 
than that here given. This simple experiment, which can 
easily be repeated, and, according to my experience, with 
certainty, may be thus explained in the light of Sachses 
theory. The specific formative substances for the polyps are 
present only in limited amounts, these being sufficient for 
the formation of only one ix)lyp in the Tubularian stem at 
the moment that it is cut When both poles are subject to 
the same external conditions, these substances reach the oral 
cut end first. If, however, the formation of polyps is ren- 
dered impossible at this end, they wander to the other end.* 
If the formation of polyps is not prevented at the oral end, a 
polyp can form at the aboral end only after a sufficient 
amount of the formative substance for the polyps has been 
formed anew. 

6. The question now arises as to whether in the stem of 
Tubularia such a migration of substance toward the cut end 
can, indeed, be observed to precede the regeneration of a 

iJt is possible that in somo cases of compensatory hypertrophy, for example in 
the testicles, specific formative substances for the organs play a similar rOle. 
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polyp. If a Tübulariau stem is examined immediately after 
the fiolyp lias been cut off, separate red pigment granules are 
found distributed quite regularly throughout the stem. On 
the following day a denser aggregation of these granules is 
observed in the vicinity of the cut ends, and after two or 
three days they are often so numerous that the cut end 
seems saturated with red* Soon thereafter the polyp is 
formed into which the red granules are collected* This 
occurs also in the formation of a polyp at the aboral end, 
I will not, of course, assert that these pigment granules are 
the formative su Instances of the f>olyps in the sense of Sachs's 
hypothesis* It is rather to be assumed that, since pigment 
grannies have no active motion, movements probably occur 
in the protoplasm of the Tnlinlarian stem, at first in the 
direction from the aboral end to the oral, and later, when the 
oral polyp has been formed, in the reverse direction. It 
might also be that in some eases in which external stimnU 
have an influence upon organization these stimuli bring 
alxiut or modify such protoplasmic streaming. The move- 
ment of protophism in plant:s nnder the influence of external 
stimuli has been observed directly by Wort mann,' The 
migration of the pigment granules toward the cut ends 
actually observed, and the connection between this migration 
and the formation of polyps, probably indicate that one is 
justified in believing that organization in Tubularia — and 
also other animals — ^is associated with the migration of 
formative substances» 

7* For the time being we may, therefore, believe that a 
heteromorphosis can be bronght about whenever the specific 
formative substances can wander in different directions in 
the animal body; while in the case of animals possessing 
"polarity" this migration is fwssible in only one direction. 
When heteromorphosis occurs in Tnbularia, but the oral 

I WoBTiujnrt BQianUtfu! Zeitung (1887). 
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polyp is formed sooner than the aboral, we should have to 
assume that the substances necessary for the formation of 
new polyps move in both directions in the Tubularian stem, 
but this movement occurs more rapidly, or earlier, in the 
direction from root to polyp, than in the opposite direction. 
8. I shall in conclusion mention the fact that under one 
condition the polyp may occasionally be formed sooner at 
the aboral pole than at the oral, even when both are subject 
to the same external conditions. This can happen when the 
formation of polyps is retarded, or made almost impossible, 
through external conditions. According to my former obser- 
vations, this can also happen when the pieces of Tubularian 
stem used for the experiment are very short. 

V. IRRITABILITY AND ORGANIZATION IN TÜBULARIA 

We saw that the physical condition which determines the 
orientation of Antennularia in space has an effect also upon 
the position of its organs ; the same relation also exists be- 
tween irritability and organization in Tubularians. Tubu- 
laria mesembryanthemum is neither heliotropic nor geo- 
tropic ; light and gravity also have no effect upon the origin 
of new organs in Tuhularia. On the other hand I have found 
that the animal is highly stereotropic ; that is, the orienta- 
tion of its organs is very clearly affected by contact with the 
surface of solid bodies. The root of Tubularia is positively 
stereotropic, that is, when brought in contact with the sur- 
face of a solid body it attaches itself to it and grows over 
the surface. Possibly through the slight friction a sub- 
stance is secreted which causes the root to stick. The polyp, 
however, is negatively stereotropic. When brought in con- 
tact with a solid body, it turns away from it until it is again 
surrounded by water, after which it grows in the direction 
determined by the orientation of the polyp. The same 
stimulus which determines the orientation of Tubularia in 
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space is also of impof^iance for its organizatioiL For it 

is possible to control organization in Tubnkria by contact 
Btimuli to ench an extent that by their help we can pre- 
scribe in a large measure whether a root or a polyp shall 
grow from the aboral ctit end of a Tubnlarian* If the 
aboral end of a piece of Tubularian stem is Burmnnded by 
water, so that it doi*s mot mb against the surface of 
solid bodies, almost without exception a polyp is formed 
upon it instead of a root; heteromorphosia occurs instead 
of regeneration* If» however, the same end is brought into 
permanent contact with the surface of a solid body — if^ 
for example, the stem is laid horizontally upon the bottom 
of the vessel — a root is often formed. But to accompliah this 
it is necesBary to keep the dish quiet, and care must be taken 
that the same side of the stem remains in contact with the 
BoUd body ; otherwise it does not attach itself. If the stem 
does not attach itself, a polyp is soon formed, just as a I>olyp 
iß formed at the tip of a Tubularian root which has been 
freed from the bottom of the vessel, as soon as it is sur- 
rounded by water. Of course, it is in every case necessary 
that the general conditions of growth of the animal, which 
we shall discuss later, be fulfilled, I remember that only 
once in hundreds of individual experiments did I see a root 
grow without contact with a solid body.' But a factor came 
into play here which still brings this case under the 
general grouping, I had cut a section from the stem of 
a Tubularian, and had laid it horizontally upon the bot- 
tom of a glass vessel A root sprang from the aboral end 
which attached itself to the Ixyttom of the vessel. Simul- 
taneously with this root arose a second, which curved up- 
ward somewhat, and which continued to grow as a root with- 
out contact with a solid body. The exception was probably 

I In recent tixpcriments od Töbularin crocj;*!! I huTe frfictDeutlj' ob^orvtil tb« fop- 
tnntion of ri>:)i5 at the aboral ond:, even, if the intter was oot in contact with A soUd 
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only apparent. It may be that I had to do with a bifur- 
cation of a root which had been produced through contact 
stimuli, of which the one branch continued to grow without 
contact. But, as before, I did not succeed in causing the 
growth of a root at the oral pole in even a single instance; 
it may be that this is impossible in Tubularia by any of the 
means which I have employed thus far. In the light of my 
previous experiments on Antennularia and Aglaophenia, I 
need not emphasize that this is only a special characteristic 
of Tubularians. 

If a root is formed at one extremity of a Tubularian, 
and this has grown vigorously for some time, its tip not 
infrequently becomes faintly red, and this coloration deepens 
rapidly ; in such cases a polyp forms at the tip of the root, 
which then immediately bends away from the substratum 
upon which the root has grown and grows almost perpendic- 
ularly upward. We then have a colony of two polyps which 
are attached to the base upon which they grow by a common 
root. The difference between such an animal and the 
heteromorphic bioral animal lies in the fact that the latter 
lacks an inherited organ, the root. In its place a polyp has 
been formed. 

VI. EXPERIMENTS ON ORGANIZATION IN OIONA INTESTINALIS 

1. The animals in which I have thus far been able to 
produce heteromorphoses stand low in the animal scale; we 
have dealt only with Hydrozoa. It might be thought that 
these "colony-forming" animals are an exception to the gen- 
eral rule, and that only in them a movement of formative 
substances can take place in both directions in the sense of 
Sachses theory. Such a view is supported by the fact that 
"polarity" is very pronounced in a series of Actinisö, and 
that, in spite of my efforts, I have not succeeded in bringing 
about heteromorphoses in them. The fact that a solitary 
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Hydroid, Hydra, should conduct itself, so far as known, as 
a strictly "polarized" animal, might render it still more 
probable that teteromorphosis is simply a characteristic of 
"coloiiy-forming'^ Hydrozoa, To settle this question I made 

experiments ufMrn Oiona in- 
testinalis, a solitary Asicidian* 
The Ascidians, as is well 
known, atand near the verte- 
brates in the animal scale. 

In Fig, 54 is shown in 
almost natural si^ the exter- 





FIO. 53 



FIG, 5Ö 



FtO. U 

nal form of a Ciona intestinalis, a is tb© oral opening, & 
the excretory opening, c the foot, which, like the foot of the 
Hydrozoa, attaches the animal to the surface of solid bodies. 
At the outer edge of both tubes are situated the ocellie, 
which are just visible to the naked eye (Fig. 55). The fol- 
lowing experiments deal with the formation of these ocellaa- 
If the animal behaved like a purely *' polarized animal," such 
as Cerianthus, then, when a lateral incision chu (Fig. 50) is 
made into it, ocellie should be formed only along the lower 
cut edge 6c, just as the tentacles are formed only along the 
lower cut edge of Cerianthus, But the opposite oc*curs in 
Ciona. After a short time ocelh© (indicated by jxiints in the 
drawing) are formed along both edges of the wound {ab and 
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6c). This occurs no matter whether the oral or the anal tube 
is incised. Fig. 55 illustrates such a case; an incision 
was made into the oral tube; a week later ocellse had 
formed along both edges of the wound. The foot is not 
indicated in the drawing. Ciona intestinalis, therefore, 
behaves not so much as Cerianthus, but 
more like certain Hydroids, in which we 
have to assume a movement of formative 
substances in two directions. I do not 
think that anyone will be inclined to 
believe that the general causes underly- 
ing the formation of organs are deter- 
mined by the position which the animal 
^0. 57. occupies in the animal scale. 

2. I have still to describe what occurs after the ocellse are 
formed. All the elements of the cut edge begin to grow in 
length, and a new tube springs from the cut edge. The ani- 
mal of Fig. 55 had assumed the form 
shown in Fig. 57 four weeks later. A new 
third tube had been formed at a. This 
continued to grow in length, and attained 
not only the size of the normal tube, but 
usually became even longer than this.* 

ir several incisions are made simulta- 
neously into the same animal, several new 
tubes may be formed at once. The ani- 
mal in Fig. 58 has four such tubes. 




FIG. 58 



VII. EXTIRPATION AND REGENERATION OF THE CENTRAL 
NERVOUS SYSTEM IN CIONA INTESTINALIS 

1. Much more remarkable than that just described is 
another phenomenon of regeneration in this animal — namely, 

iDr. P. Min^azzini made ezporiments upon Ciona intestinalis similar to those 
which I have described, and also found that a third tube is formed when the mantle 
of Ciona is incised. While at work upon paper vi I obtained his published account 
of these experiments : — P. Minoazzini, Bolletino della Societä di NcUuralitti 
(Napoli. 1»91). 
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the regeneration of the central nervous system. Scarcely 
another animal is so well adapted to the study of this prob- 
lem as Ciona. The brain of Cioua consists of a suow-whit© 
ganglion, somewhat larger than the head of a pi», situated 
in the angle d near the surface between the two tubea a and 
b (Fig. B4). The mantle of Ciona is very transfmrentj so 
that the ganglion can l>e removed with certainty with- 
out seriouöly injuring the other organs of the animal 
The only difficuHy encountered in the experiments is that 
the animal contracts when touched, and that the ganglion 
is then no longer visible. I overcame this diflScnlty in the 
following way; The root of a Ciona which had been kept in 
the aquarium was carefully detached from its base. The 
animal was then quickly removed from the water and laid 
upon a dark glass plate. As long as the animal was not 
touched, it remained relaxed. I then brought the tip of a 
pair of scissors behind the ganglion, and l)y a rapid cut sev- 
ered the connection between the ganglion and the j>edal part 
of the body. Without removing the scissors, I seized the 
ganglion with forceps, drew it out, and removed it by a 
becond snip of the scissors. 

The Ascidian usually bears the extirpation of the ganglion 
well, and after the o [aeration bc^haves in a way not exjiected 
from our general conceptions of animal physiology. 

2. The ßrat phenomentm worthy of note is iff at ußer 
e^iirpaiion of the central nervouii ^tßiilem the rtiflexes p^^r- 
sisi. Since Ciona is a sessile animal, the reactions of the 
uninjured animal to external stimuli are limited to simple 
contraction and stretching out of the body. This contraction 
is brought alxvnt by a highly developed muscular system. 
If the aquarium is slightly shaken« the animal contracts 
quickly, to relax only when everything is again at rest. 
Such a contraction of the whole animal also often follows 
when it is carefully touched with the i>oint of a needle. If 
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the tip of one of the tubes is touched, this only may contract. 
It is generally believed that when this occurs the external 
stimulus which brings about a change in the sensory nerve 
endings is conducted to the central organ, here to be trans- 
formed into a motor impulse which causes the muscles to 
contract. These ideas harmonize with the facts. But it is 
also generally believed that without the central nervous sys- 
tem the reflexes are no longer possible. This idea, as the 
following experiments will show, is not true in Ciona intes- 
tinalis. When the ganglion has been removed from a Ciona, 
it at first remains fully contracted. After some time, how- 
ever, in favorable cases, as early as the next day the animal 
again relaxes. If a drop of water is allowed to fall into the 
basin of water, the entire Ciona contracts rapidly, just as an 
animal whose central nervous system is intact. 

If, therefore, a normal Ciona and one without the central 
nervous system are kept in the same vessel, both have the 
same reflex irritability qualitatively. It is nevertheless pos- 
sible to differentiate clearly between the reaction of the nor- 
mal and the brainless Ascidian. In the latter the thresh- 
old of stimulation is much higher than in the former. To 
determine this I utilized a procedure which I have employed 
in a series of comparative experiments on the irritability of 
the lower animals, and which might be used with advantage 
in human beings. I allow a drop of water to fall from a 
pipette upon the organ to be stimulated, which lies a certidn 
distance (varying according to circumstances) beneath the 
surface of the water. If the same pipette is always used, 
the weight of the drop is nearly always the same, so that the 
height which the drop must fall just to bring about a reac- 
tion is a convenient measure of the threshold of stimulation. 
In what follows I shall give the height of the fall of a drop 
of water which just sufficed to bring alx)ut a contraction of 
the entire Ciona. The normal and the brainless animals 
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were kept in the BAine v^^el, and at the same distanee 
telow the surface of the water. Under a are given the 
height of the fall in normal, under 5 in brainless, animals. 
The figures are given only to show how constant is the differ- 
once in the threshold of stimulation between the two ani- 
mals; the absolute height of the threshold of stimulation 
cannot be determined from them. 

a 6 



8 mm. 


65 mm, 


4 


75 


LO 


80 




80 



In two other animals I obtained the following values, 
a b 



6 mm. 
8 



22 mm. 
20 



The temperature was 13* 0. 

This diiference in irritability may be due to the fact that 
the wave produced by the drop of water stimulates the motor 
nerves or muscles direct ly» and that the threshold of stimnla- 
tion is higher for these than for the sensory nerve endings. 

3- It can be shown by a different e.^perimeut that another 
path for the conduction of stimuli mu^^t esidt in the brain- 
less animal than in the uninjured^ where stimuli no doubt 
travel over the nerves for the most part* If an incision is 
carefully made in the tube of a Ciona whose ganglion has 
been removed, not only the injured portion, but the entire 
animal, contracts, just as when tlie same stimulus is applied 
to an nninjured animah This also may occur when one 
pjint of the oral edge is carefully touched with a needle. I 
imagine that in a brainless Ciona the motor nerves or musclea 
lying nearest the iK>int of incision are stimulated mechani- 
cally, that these contract, and that the jarring or pulling 
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associated with this contraction stimulates the neighboring 
nerves or muscles, thus causing the latter to contract. In 
this way a conduction of stimuli is brought about without the 
presence of a central nervous system, the effect of which is 
the same as when a central nervous system is present. There 
is so little diflference between the latent period of stimulation 
and the time the body remains contracted after the stimula- 
tion, in the normal and in the brainless animal, that it can- 
not be determined by mere observation unaided by special 
apparatus. 

Wliat occurs here in the entire animal happens in a lim- 
ited portion of an earthworm when it is cut across trans- 
versely and the two pieces are sewed together. As Benedikt 
Friedlander has shown, both pieces are still able to perform 
co-ordinated movements of locomotion.' I have repeated 
the experiments of Friedlander upon leeches, and have 
observed the same series of phenomena in them. 

Two years ago I made some observations upon a marine 
Planarian, Thysanozoon brocchii, which are similar in cer- 
tain respects to those upon Ciona, into a discussion of which, 
however, I cannot enter here.^ 

4. Since I had received the impression that Ciona is helio- 
tropic, I tried to see whether a Ciona robbed of its nervous 
system would also react to light by heliotropic bendings. 
The object of my experiments was thwarted by an unwished 
for, but perhaps interesting, result. In the course of four 
weeks all the animals (which had not died) had regenerated 
a new brain, I repeated the experiment, because I did 
not believe my first results. But I can no longer doubt 

iBexkdikt FriedlAnder, Biologisches Centralbl., Vol. VIII (1889). 

2 The Darwinians would probably call the reaction of a Ciona intestinalis to 
contact the cons«»<iuonce of a " protective instinct." Those " protective instincts," 
so far as I can see, are said to consist in this, that the animal has by natural selec- 
tion acquired, in tlie course of the customary million years, certain cerebral con- 
trivances which are now inherited from one Reneration to another. But in the case 
of Ciona these hereditary '* instincts" cannot well be located in any special i)ortion 
of the brain, for they continue to exist after the removal of this organ. 
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their correctness. The growth of the new gaoglion ia fairly 
rapid Instead of one large ganglion, several small ones 
were formed. For these reasons I have not followed further 
the question as to whether Ciona m at all heliotropic. Dr. 
P. Mingazzini has also observed the regeneration of the 
brain of Ciona after its removal; he suggests that the new 
ganglion is formed from the ectoderm, as in the embryo. 



VIII- THE RELATION BETWEEN REGENEBATIOK AND THE 
CONCENTBATION OF THE BEA-WATEB IK TüBULÄBIA 

1- Now that we have Been that it is possible to alter the 
inherited form of an animal by substituting one organ for 
another, we shall paea to experiments on the general physi- 
ological factors which underlie regeneration and growth in 
animals. These exfjeriments, as the preceding ones, had to 
be made with the simplest experimental accessories, and in 
addition they were not completed when I was compelled to 
leave Naples. Hi nee they can be continued only at the sea- 
shore, I shall here give only those experiments which have 
been carried to a certain degree of completion* 

If the lx>lyp of a Tulmlarian is ampntated, a new I>olTp 
regenerates* What general physiological conditions must 
be fulfilled in order that this may occur? Sinca the stem 
begins to grow as soon as the pöly[) is formed, the second 
question arises: What conditions influence growth? The 
following eK|x.Timents are intended to answer these ques- 
tions. 

I shall first show how the absorption of water atfccts 
regeneration. The reader will know that from the jroint of 
view gained by a study of osmosis, the living protoplasm oE 
plant cells is characterized by its jiermeability to water and 
its total or partial imj^rmeability to many substances dis- 
solved in the water. There is no reason for believing that 
animal protoplasm behaves any differently in this respect 
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from vegetable protoplasm. If a Tubularian stem is trans- 
ferred from pure sea-water to sea- water that has been diluted 
by the addition of distilled water, water must enter the cells, 
and these must in consequence become more turgid. On 
the other hand, if the Tubularian is placed in sea- water, the 
concentration of which has been raised through evaporation, 
the absorption of water by the animal must fall below the 
normal, and water must finally pass from the cells into the 
solution. The following experiments show how changes in 
the concentration of the sea-water aflfect regeneration. The 
temperature in all these experiments varied between 12** and 
15° C, and was always the same for the same series of ex- 
periments. The number of animals in the individual dishes 
of the same series of experiments was also nearly equal; 
every dish contained 300 c.c. of sea-water. 

2. I distributed a large number of fresh, healthy stems 
of the same colony of Tubularia into three salt solutions. 
The first of these consisted of sea-water to which 33^ per 
cent, of its volume of distilled water had been added ; the 
second, of ordinary sea- water; and the third, of sea-water 
which had been evaporated to 75 per cent, of its volume. In 
order to have all the solutions exactly alike except in con- 
centration, the two former were heated to the boiling-point, 
filtered, and, like the third, shaken for some time in the air. 
After two days nine of the twelve stems in the dilute sea- 
water had regenerated the polyps which they had lost ; in 
the normal sea-water only six of the sixteen stems had 
regenerated ; in the concentrated sea-water regeneration had 
not taken place in a single stem. Six hours later regenera- 
tion was complete in all the Tubularians in the dilute sea- 
water, and on the following day this was also the case in the 
ordinary sea-water. Three days later a change occurred at 
the cut end of one of the animals in the concentrated salt 
solution which looked like a beginning of regeneration, but it 
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went no farthon I dow divided the concentrated sea-water 
and the animab contained in it between two veesels, and 
added enough distilled water to one of them to restore it to 
the concentration of normal eea- water. After a few days 
all the animals in this vessel regenerated their poly|)s in an 
entirely normal manner, but no regeneration whatsoever 
occurred in the other. I have repeated this experiment sev- 
eral times, always with the same result. While, therefore, 
a great lowering of the concentration of the sea-water (33^ 
jier cent) not only does not inhibit regeneration, but may 
accelerate it, an increase in the concentration to a like 
amount suffices to prevent regeneration altogether, or almost 
entirely, without, however, injuring the power of regenera- 
tion, provitled the animal does not remain too long in the 
concentrated solution, 

3, In order to determine the limit of concentration in 
which regeneration is [Kjsaible, I evaporated normal sea-water 
to yO, 80, 73, 70, GO, and 50 per cent, of its volume. The 
solutions were filtered and ehaken fur Sfjme time in the ain 
Regeneration took place in the first three solations, but not 
in the last three. Ktgeneratioi), however, did not occur 
simultaneously in the first three mjlutions, but the more 
slowly, the more concentrated the solution. After lying for 
several days in the 70 per cent, solution, the Tnbularias had 
not lost their power uf regtmeration, but in the stronger 
solutions even this had suffered* When the Tubulariaus 
were brought back from the stronger solutions into normal 
sea-water, they no longer formed j>oly[>s. The tissues of 
the stem were shrunken and often separated from the peri- 
derm. Upon the other hand« when I added as much as 50 
per cent, of distilled water to ordinary sea-water, a distinct 
inlnbition of the process of regeneration could not once be 
noted; only upon the addition of ItH) per cent, of distilled 
water did regeneration cease. If still more distilled water, 
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about 200 per cent., is added to the sea- water, a remarkable 
phenomenon occurs: large pieces of protoplasm escape 
from the Tubulariaa without losing their form. They are 
surrounded by a transparent membrane which is formed per- 
haps through their contact with the sea-water. I saw a 
piece 1-2 cm. long escape from a Tubularian in this way. 

4. That an increased absorption of water by the tissues 
favors regeneration when it does not exceed a slight amount; 
while a greater absorption is harmful, might seem contradic- 
tory. But it is an entirely general and well-known fact that 
when water enters cells in too large quantities it acts as a 
poison. Hoppe-Seyler, for instance, attributes the death of 
frozen plants which are thawed out too rapidly to the fact 
that "in freezing, the water separates to a large extent from 
the solids and collects in crystals. When thawed out rap- 
idly, the particles of solid matter lying nearest these crystals 
are flooded with water.'" 

5. The pieces regenerating in the highly dilute solutions 
often show changes which indicate the great turgidity of 
the tissues, in consequence of the abnormally great absorp- 
tion of water. Before the polyp is formed, globular excres- 
cences appear at the cut ends, and the new ]:)olyps are thicker 
and much more nearly globular than the normal polyps. 
The opposite phenomena are noted in the strongly concen- 
trated salt solutions, in which polyps remain exceedingly 
small. 

6. In conclusion I wish to give a few figures on the rela- 
tion between regeneration and the absorption of water. In 
order not to repeat what has already been said, I shall take the 
figures from experiments in which the concentration of 
the sea-water was increased by the addition of sodium 
chloride, or decreased by the addition of fresh water {Serino 
water). According to Forchhammer, the amount of salt 

1 Hoppe-Seyleb, Physiologische Chemie (Berlin, 1877), p. 90. 
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contained in the sea-water taken from the ot^ean in the 
vicinity of Naples is about 3*8 per cent., of which about 3 
per cent, is sodium chloride.* The following table shows 
how with an increase in the amount of NaCl regeneration iß 
inhibited more and more, and finally preventod altogether. 
The tigures in the first horizontal line of the table indicate 
how many grams of NaCl were added to each 100 cx% of 
sea-water. In the first vertical line are indicated the num- 
ber of days that have elapsed since the introduction of the 
Tubulariie into the solutions. In the horizontal lines after 
each date are given the number of poIyj>9 regt-nerated up to 
that date. The stems wcro all taken from the same colony, 
and each solution contained twelve stems. 





TABLE I 








Bftto ' 


Normal 
Sea Water 


NttCt 




SaCi 


NaCl 


Second day * . »...*.*. 


4 
10 
10 
12 

12 


1 
2 
8 

10 
11 





a 

5 

5 







1 

1 






s 


Third day. .... * 


Fourth day , . , 

Fifth day.. 


Bisth dav 





In order not to make the table too long, I will add that 
no regeneration whatsoever occnrred in the mtjst concentrated 
of these solutions^ that in which 1.0 g. of scxlium chhrride 
had been added to each 100 c.c, of sea-water. The retardation 
of regeneration was well marked, even when only 1 [x*r cent, 
NaCl was added to the sea- water, and even in such a solu- 
tion not all the animals regenerated. The refjetition of these 
exj^riments yiekled the same results. 

The cone^mtratiou in which no regeneration occurs is 
therefore reached when l.G g. of NaCl is added to 10l> c.c. of 
sea- water* This value corresjwnds to a coucentration obtained 
by evajMjratiug 100 c,e, of sea-water to 00 c.a, if the entire 
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amount of salt contained in the sea- water is counted as NaCl. 
Our previous experiments had, indeed, shown that the con- 
centration limit for regeneration in TubulaiisB is reached 
when 100 c.c. of sea- water is evaporated to 70 c.c. 

The second table gives the results of an experiment which 
shows the difference between the effect of increasing and 
decreasing the concentration of the sea-water. Each solu- 
tion contained six animals. The percentages indicate the 
volume of normal sea-water, + indicating an increase, — 
indicating a decrease, in the amount of water contained in it. 
The figures indicate the percentage by which the original 
volume has been increased or decreased. 

TABLE u 



Date 


-28% 


-21% 


-8% 


Normal 
Sea-W't'r 


+60% 


+so% 


+70% 


+100% 


Third day 

Fourth day 

Fifth day 




3 


1 
5 
6 


2 

6 
6 


4 
6 
6 


4 
6 
6 


1 

6 
6 



5 
6 



4 
6 



I continued my observations for two weeks, but no regen- 
eration occurred in the most concentrated of these solutions 
( — 26 per cent.) beyond the three animals mentioned in the 
table. 

7. The facts of this chapter may be shortly summed up 
in this: an absorption of water is essential to regeneration in 
Tubularia (and probably all animals). If the absorption of 
water is limited by keeping Tubularia in concentrated sea- 
water, regeneration is retarded, and finally completely inhib- 
ited, by even a slight increase in the concentration. Regen- 
eration is, however, not only not retarded but, if anything, 
accelerated, if the Tubularians are put into diluted sea-water. 
Only when the dilution exceeds a certain limit and the 
tissues are flooded with water a retardation of the regenera- 
tion occurs. While a decrease of 30 per cent, in the orginal 
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volume of water contained in ordinary sea- water readera 
regeneration impoeeible, the same effect is not obtained until 
125 per cent, of fresh water has been added. 

IX. THE RELATION BETWEEN LONGITUDINAL GBOWTH AND THE 
CONCENTRATION OF THE SEA-WATER IN TUBULABIA 

1. One searches modern test-books of physiology in vain 
for a chapter on growth; it aciarcely exists even by title. 
So far as I have been able to judge from the literature» 
observations on the physiological conditions necessary for 
growth in animaL? have been exceedingly few. I will give 
here what I have been able to find. 

The oldest observations on the growth of animals are 
probably made by Bonnet, who was encouraged to do so 
through Hales's work.* Bonnet measured the growth of 
worms* The choice of material for these experiments was 
unfortunate, as the length of these animals is subject to 
great variations because of the contractions of the body. 
Bonnet measured with calipers **la plus grande longueur du 
Ter,'" and made these valaes the basis of his conclusions* 
He cut a worm into two, a second into four, a third into 
eight parts, etc., and tried to see whether the growth of the 
parts differed. His measurements showed "qu'il n'y a pas 
de difference considerable entre le progr^s que font dans le 
m^nie temjis des moities et des quarts et ceux de huitifemes 
et de dixi toes'' (p. 214) ; and further, "'que la derni^re 
IK)rtion est celle de toutes qui, en temf>s ^gal, prend le moina 
d'accroissement, et aprös eile, Celles qui la pr^cMent imm^- 
diatement**^ It seems strange that the work of Bonnet stimu- 
lated no one to rej^eat his experiments u[x)n more suitable 
material and with a better guarantee of accuracy. 

Bo far as I can determine, further ex|jeriments on the 
conditions for the longitudinal growth of animals have been 

t CrakUM BoifStSi-, (Euvrtf d 'AijIoi re naiurelU ei de pAilMOpAlc, Vol. I, '*Trait4 
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made only by Semper.* Semper started with the idea ex- 
pressed by H. Spencer in his Principles of Biology: "All 
who have had experience in fishing in the Highland lochs 
know that where the trout are numerous they are small, and 
where they are comparatively large they are comparatively 
few." Semper studied the effect of the quantity of water 
upon the longitudinal growth of Lymnaeus stagnalis. Elodea 
canadensis furnished in abundance served as food. The 
stiff shells of the Lymnaei allowed an accurate measurement 
of the amount of growth. Semper found that when the 
food was equally overabundant the Lymnaei grew the more 
rapidly, within certain limits, the greater the amount of water 
in which they were contained. With an increase in the volume 
of water from 100 c.c. to 500 c.c. the longitudinal growth 
increased rapidly. As soon as the volume of water amounted 
to 5,000 c.c, a further increase had no effect upon growth. 
After sixty-five days in one experiment, a shell 

in 100 c.c. of water was 6 mm. long 
in 250 " " " " 9 " " 
in 600 " " " " 12 " " 
in 2,000 " " " " 18 " 

Semper is inclined to believe that the dependence of the 
growth upon the amount of water present is attributable to 
the presence of a substance in the water "without which the 
other conditions for growth, even when present, can have no 
effect upon growth." In his book on The Conditions of the 
Existence of Animals, he describes further experiments in 
this direction: 

The salts in the water, the presence of which can be demon- 
strated chemically, cannot be the cause of the stunted development. 
With the friendly aid of a chemist, Professor Hilger of Erlangen, 
I repeated my experiments with distilled water, or with water in 

IC. Sempeb, '^Ueber die Wachstumsbedinfrunf^n des Lymnaeus stagnalis/" 
Arbeiten aus dem Zool. zootom. Institut in Würzburg^ Vol. I (Würzburg, 1874), p. 137; 
and Die naturcUitchen Existenzbedingungen der Thiere^ Part I (Leipzig, 1880), p. 195. 
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which the substaiices GOatained naturally (calcium carbonate^ 
magnesium sulphate, etc,) were present to the point of sat ura lion. 
The course of the experimeuts always showed that the salts con- 
tained in the water, and the presence of which had been demon- 
strated chemically had «o particular effect. 

In spite of this, Semper concludes 

that some sul>stance must be present in the water, probably in 
exceedingly small amounts, w^hich, through its solution in the water, 
and its osmotic liebanor toward the skin of the animal, is absorbed 
by the latter in definite, though perhaps small, amounti^. 

It Beema to me that an important factor has not been 
reeoguizad in these exfieriments. An excess of food (Elodea 
canadensiö) was probably present in all the dishes, but it 
was not observed whether all the animals ate the same 
amounts — a factor ujxjn which the results de|K3nd altogether. 
When I was raising butterflies I noticed how readily young 
caterpillars lose their appetites (especially immediately after 
hatching). In such cases the growth of the caterpillars of 
the same brood varies according to the amount of food they 
take up. It is quite possible that, if this point is taken iuto 
oonsideration, the experiments of Hemper find a simple 
explanation. 

I undertook my own ex[5eriments on growth to determine, 
first of all, whether the mechanics of growth is the same in 
animals as in plants. In plants it is believed that water 
enters the cells osmotically, that the cell- walls are stretclied 
in consequence, and that through further changes this 
stretching of the cell-walls becomes permanent, and remains 
even when the intra-eellular pressure has again fallen off. 
If the water furnished a plant is dei>idedly reduced, longi- 
tudinal growth is diminished and finally stopjied entirely* 
I have described an exj>eriment in the preceding volume on 
experimental morphology which shows that those parts of 
the animal which have lost their turgidity are just as little 
able to grow as wilted pi ant a 
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When a transverse incision al)c (Fig. 59) is made 
transversely in a Cerianthus membranaceus fairly near 
the oral pole, the tentacles Tj situated above the incision 
collapse like the wilted ]:x)rtions of the plant. When I made 
such a transverse incision in a Cerianthus the tentacles of 
which were growing actively, the tentacles 
above the incision ceased to grow, while the 
remaining tentacles went on.* Cerianthus, 
however, could not be used for a detailed 
study of the dependence of animal growth 
upon cell turgor. Longitudinal growth can- 
not be measured accurately in contractile 
animals. Moreover, in the experiment on 
Cerianthus described above the amount of 
water absorbed by the organs cannot well 
be controlled experimentally. And, finally, 
the growth of Cerianthus is relatively slow. 
I therefore chose a more suitable animal upon 
which to experiment, namely Tubularia, and 
a different method of varying the amount of 
water absorbed — the osmotic. I am obliged to Dr. Wort- 
mann for calling my attention to the plasmolytic experiments 
of de Vries. 

The stem of Tubularia is surrounded by a rigid periderm, 
and an increase in length can be measured as accurately in 
this animal as in the rigid stem of a plant. I changed the 
concentration of the sea- water through the addition of sodium 
chloride or fresh water. The temperature was always the 
same for all the animals in the same series of experiments ; 
the amount of liquid in each vessel was always 300 c.c. ; and 
the number of animals in each vessel was also nearly always 
the same. 

2. As is well known, Tubularia grows in length only when 

1 See ** Hoteromorphosis/* Part I, p. 135. 
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a polyp is present ; or, what is perhaps more correct, Tubu- 
laria grows in Imigih periodicaUtj at its m^al etul^ every 
period heginuiug teitk the formutlon of a new polfßp^ and 
ending ichen this organ drops off. It is therefore necessary 
that BÜ the animals of a series of experiments which are to 
be compared with each other should be in the same phase of 
growth. Since this does not necessarily occnr natnrally, I 
cut off the jxilyps of all of the animals when a series of 
experiments was started» In all these then began a new 
period of growth, in which a l>olyp was first formed, and 
after which the stem grew in length (the growing i>art of a 
Btem being situated close behind the tip of the polyp). 
I waited nntil the polyps had dropi>ed off in all the speci- 
menSy and then I knew that the period of growth was at an 
eucL I then compared the longitudinal growth in the indi- 
vidual specimens which had Ix^en subject to different condi- 
tions. Since growth always occurs with the formation of a 
new l^lyp, it follows, without further comment, that the 
concentration limits for the regeneration of the yjolyps are 
also the concentration limits for the growth of the Tubularian 
stem. 

3. I cut [>iece8 having about the same length and thick- 
ness from the stems of a large number of individnals and 
distributed them efjually into various dishes containing sea- 
water of different concentrations. Every vessel contained 
seven to nine animals. After eight days, in which time they 
had formed new polype and grown vigorously, the Tubu- 
lar ians were removed and the amount of new growth was 
measured* The following table shows the increase in the 
linear growth of the individual Tubulariaus. The figures of 
the first horizontal line show the amount of salt, in per cent,, 
contained in the different solutions nsed; in the vertical line 
under each of these figufBs is given the increase in the length 
of the individual Tubularians, 
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We obtain a better view of these results when we present 
them graphically. In the curve shown in Fig. 60 of the text 
the different amounts of salt contained in each 100 c.c. of the 




FIG. eo 

various solutions are represented on the axis of abscissas, 
the increase in the length of the animals on the ordinates. 
We see that the growth is nil in a 1.3 per cent, salt solution; 
that it is just perceptible in a 1.6 per cent, solution; that it 
increases very rapidly with an increase in the concentration, 
attaining a maximum in a 2.5 per cent, solution, and then 
decreases slowly with a further increase in the concentration. 
Maximal linear growth does not occur in ordinary sea- water ^ 
but in markedly diluted sea-water. The meaning of the 
curve is very simple: the cells of Tabularia must be turgid 
in order to grow, and this is possible only as long as the 



234 



Stcbtes IK General Physiology 



concentration of the solution in whicli they are contained 
does not exceed a certain limit ; this limit is attained when 
1.6 g. of NaCl is added to 100 c.c. of st?a- water— when the 
solution contains 5,4 jier cent» salt. As the concentmtion 
decreases, the Tnbularian stem muBt absorb more and more 
water from the solution, and we therefore find linear growth 
to increase with a decrecise in the amount of salt in the solu- 
tion» until the limit is reached where the (xiisonüus effects 
of the large amount of water show themselves. From this 
point on a further increase in the amount of water contained 
in the animal must cause growth to fall rapidly to zero. 
This accounts for the rapid fall in the curv^e between the 
values 1.9 and 2.5 of the abscissa. 

A second experiment, performed under entirely similar 
conditions, yielded the same result as the above. This 
is shown by Table IV. 

T.\BL£ IV 

Amottnl nf Suit At«mft« Growth 

ill tho SoLutiun ia Nine Dayi. 

5.1% -*---- 0.5mm. 
4,8 - . - ... 4 
4,4 ------ 7 

4.1 ------ 12 

3.8 (normal eea-water) - - - 12.6 
3.2 143 

2.2 ----- 15 
IJ 10,5 

As in the preceding experiment, linear growth increases 
in this case also with a decrease in the concentration^ aftam- 
ing a ma^imtirn^ not in ordinary sea-waU^r but m a more 
dilute salt soluiion about 2.2 per cent. Beyond this point 
growth falls rapidly. In other exi^riments also — which, 
however, I omit her© because I failed to measure the in- 
crease in the length of all the specimens, and therefore cannot 
tabulate them^ — I was able to show that the relation be- 
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tween growth and the amount of water in the solution was in 
all points essentially the same as detailed here. We found in 
a preceding chapter that the polyp is regenerated later in a 
very highly concentrated or a very dilute solution than in a 
solution the concentration of which lies between these two 
extremes. We have therefore to determine in how far this 
circumstance compels us to make corrections in the experi- 
mental results given above. Between the concentrations 
4.4-2.5 per cent, the difference in time between the forma- 
tion of polyps in the different concentrations is so slight 
that they need not be considered. So far as the very con- 
centrated solutions, 5.1 and 4.6 per cent., are concerned, I 
have made experiments which I have continued for weeks 
and months, and have found that the absolute increase in 
length during this time is practically zero, even though the 
animals formed new polyps repeatedly during this time. 

4. I have not made any measurements on the increase in 
the thickness of Tubularia. Yet the effect of the concen- 
tration of the salt solution upon the diameter of the newly 
formed stem was very apparent even without measurements. 
The new stems formed in the more concentrated solutions. 
Those in which about 1 g. of NaCl had been added to each 
100 c.e. of sea-water were markedly thinner than the old ones 
which had been grown in ordinary sea- water. On the other 
hand, in the diluted sea- water the thickness of the new stems 
was not only not less than that of the old stems, but even 
greater. 

5. With an increase in the concentration of a salt solu- 
tion the amount of oxygen dissolved in it decreases, and, as 
we shall see later that this is an important factor in regenera- 
tion and growth, we must determine whether differences in 
concentration influence the growth of Tubularia through their 
effect upon the amount of oxygen dissolved in tlie solntif^up 
and, if so, how much. The one direct measurement of tht 
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relation between the amount of oxygen dissolved in a aodium- 
chloride eolnticn and its concentration that I haYe been able 
to find in the literatnre is the following: According to the 
exj)erimenta of Fernet* if I nnderstand the term ''titre de 
solution'' correctly, the absorption coefficient 

of a 5,42 per cent. NaQ solution at W C. = 0.0284 
of a 0.72 per cent NaCl solution at 14.1* Q^ 0,0293. 

The corresponding cuefficients for distilled water are accord- 
ing to Bunsen' 0,02949 and 0.03030. The effect of con- 
centration upon gas absorption is therefore so slight that 
it may lie neglected in our exiK^riments. Bince data such as 
these are but few in number, I wish to add a few on the ab- 
sorption of carbon dioxide. 

Professor Zutitz, who brought Femet's work to my notice, 
was so kind as to inform me that, according to his experi* 
ments, a saturated NaCl solution absorbs about one-third as 
much COg as distilled water. The figures of Fernet about 
correspond with these. According to this author, the ab* 
sorption coefficient of COj 

in a 6,25 per cent NaCl aolutioii at 1L2 C =0 9335, 
ill distilled watar laccordiug to Buusen) at 11' C* — 1,1336, differ- 
ence = 0.2001 ; 
in a 2.22 per cent NaCl solution at 141' C* =0.9163, 
in distilled water (according to Bunsen) at 14.1° C. = l. 0291 j differ- 

euce^ 00828; 
in a 0.83 per cent. NaCl Solution at 16' C. - 0.9591, 
in distilled water (according to Bunsen) at 16" C, = 0.9753; differ- 
ence - 0.0162. 

The decrease in the absorption coefficient of COg with an 
increase in the concentration of the NaCl eolntion from to 
6 [ler cent, is about 0.2. This decrease about correeponds 
wilh that caused by an increase in the temperature from 10 

>F£R?üBT, Annate» de* aeitatiCcM nahireilea^ 4lh S^rlc?« "ZoolcHirie/' TtiL Vftl 
(tKJ7). Sno also ZcsTt, "BUt«»«e nod reti^ 0asw«lwel/* Hksmamn*« i?cMHlM*e4 
der Phjfitiidoüi€i Vol. IV* 

^ nt7lfsa)ti GaaomctriKhe Methodat^ Sd od,, 1BT7* 
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to 16° C. Now, I have found that a rise of temperature of 
from 10 to 16° not only does not diminish growth, but in- 
creases it, in spite of the fact that the Tubulari^e need more 
oxygen when the temperature is raised. It can therefore 
not be assumed that a decrease in the amount of oxygen 
contained in the seor-water brought about by the addition of 
sodium chloride in varying amounts up to 1.6 g. to each 
100 C.C. of water determines the decrease in linear growth. 
Professor Zuntz, to whom I appealed in the absence of more 
extensive experiments on the effect of concentration upon 
gas absorption, does not believe that so slight a difference in 
the amount of dissolved oxygen as was observed in the solu- 
tions employed in these experiments need be considered in 
my results, since animals get along well in summer, when the 
temperature is high and the demand for oxygen is corre- 
spondingly increased. 

X« SOME BEMABKS ON THE EXPEBIMENTS OF SOHMANKEWITSGH 

1. The proof which has been given in the preceding 
chapter that, with changes in the amount of water absorbed, 
the growth of animals is changed in the same way as the 
growths of plants, enables us, I believe, to give a physical 
explanation of some of the wonderful experimental results 
obtained by Schmankewitsch in the artificial conversion of 
the genera Artemia mülhausenii, salina, and Branchipus.' 

In 1871, during a flood, 

the dam which separates the leas salty water of the upper part of 
the Kujaluik Liman from the lower part, which is filled vdih. salt 
precipitated from its own waters, broke through, diluting the 
water of the lower part to 8° Beaumö, and causing a large niunber 
of Artemia salina to appear in it, which had evidently been brought 
down from the upper part of the Kujaluik and the salt-water pools 
in its vicinity. In the course of the following year the concentra- 

J W. J. ScHMAXKEWiTSCH, Zeitschrift für wisaensctuiftliche Zoologie^ Vol. XXV, 
Sopplemeot (1875) ; ibid,. Vol. XXIX (1887). 
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tbn of the water slowly rose to 25^ Boaamö, after which the sail 
agiim began to be preeipitiitedJ 

III the course of thia time progressive changes occarred in 
Artemia salina, so that tht^ Arteinia present in the year 1874 
had the characteristics of the species A. mtllhanBenii. These 
changes in detail are the following: (1) The adult animals 
of A, mülhauscnii are not so large as the adult animals of 
A. salina* (2) Artemia salina has caudal bristles and caudal 
appendagt?a, which are lacking in Artemia mülhauseuii; as 
the concentration of the salt water increased, the caudal 
bristles became progressively smaller. (3) The surface of 
the gills is longer and narrower in Artemia salina than in 
Artemia mülhausenii. Ludwig (in Lennis's Si/nvpsts) gives 
only the first two points. According to this author, the 
length of A. mülhausenii is G-S mm. ; that of Artemia saliiia, 
8-10 mm. Schmankewiisch was able to convert A. salina 
into A. mülhausenii by increasing the amount of salt in the 
aquarium. 

2. By growing Artemia in salt water that was gradually 
diluted, Schmanke witsch obtained a variety having the 
characteristics of the genus Branchipus Schaeff. The differ- 
ences are very slight. Artemia has eight, Branchipus nine, 
footless terminal segments; and, what is of im]3ortance to ua^ 
Branchipus ferox attains a greater length, the less concen- 
trated the salt water in which it lives, 

8, If we do not allow ourselves to be influenced by the 
nomenclature of the syBtem.atistt, the experiments and obser- 
vations of Schmanke witsch show f/tat the effect of the C4}n' 
cent rat ion of the salt shows itself most tUstincili/ in the 
longiiudinal growth of ihe entire animal ami of some of its 
organs; and this n/*ün//>r in snck a waij thai with an increase 
in the con€4uit ration of ilie sohtHon the Ivngiiudinal growth 

I Boauin^*» h^dromi?ter is ipradaaUici, aoearditi^ to Wüllitr^r^ :^o that tha point to 
wliicb it siiikü in water is mnrkRiiO; that Ut wbioh itsinkü in « wnlutloD of Sfteen 
p iri4 Huf ^«Dcliiiin chloridü and i^ i^arts nf wnt4*r, 15. WaU^r of %" Bc^juntn^ tbr<fi*fon> 
coiit£iin:4 about U pot oeatn. ^alt; tbat uf ::ij Boaum^H about 22 por c&aU 
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of the entire animal or the individual organs is decreased. 
The result is therefore similar to that obtained in the pre- 
vious experiments; wherefore I believe that the influence of 
concentration upon the conversion of the genera Artemia 
into Branchipus is to a large extent nothing but an expression 
of the dependence of animal growth upon the absorption of 
water. Schmankewitsch also mentions that in the same 
length of time the animals in the dilute salt solution 
(Branchipus) grow more rapidly than those in the concen- 
trated salt solution (Artemia): "At the same tem{)erature, 
the growth of specimens of Artemia salina in highly concen- 
trated sea water is less than a third as great as the growth 
of Branchipus ferox in the less concentrated sea water." But 
that we are, indeed, justified in this case in substituting for 
the conceptions of "adaptation'* and "change of species" 
— toward which Schmankewitsch takes a more critical view 
than most Darwinians — the osmotic dependence of longitu- 
dinal growth upon the concentration of the salt solution, is 
well shown by a fact, which is especially emphasized by 
Schmankewitsch, that the "change" persists in the suc- 
ceeding generations only as long as the animals remain in 
the sea-water of the altered concentration — as should be the 
case if we are dealing merely with osmotic effects during the 
period of growth. Since not only the absorption of water, 
but also the secretion of water, must be considered in such 
experiments as have been detailed here, it is to be expected 
that the growth of all animals and all organs is not affected 
to the same extent by changes in the concentration of the 
salt solution. 

4. Schmankewitsch interprets the effect of the concentra- 
tion of the salt solution upon changes in the characteristics 
of the animals in a different way ; he attributes it solely to 
the fact that with the increase in the concentration the 
amount of air dissolved in the salt solution is decreased, and 
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its specific gravity increased. He seems to have overlooked 
the osmotic effects. The following indicates Schmanke* 
witsch's (physiologically untenable) conception of the effect of 
the air dissolved in the salt water: **If the salt water is not 
diluted very gradually, the specimens of Artemia salina die 
of exhaustion, attributable probably to the increase of oxida- 
tions due to the greater amount of air in the more dilutt^d 
sea -water." In this case we probably have to do with the 
fact that in the rapid dilution of the salt water the proto- 
plasm of the cells of Artemia is suddenly flooded with water;' 
it is an effect similar to that brought about by rapidly thawing 
out frozen organs. I will not deny, of course, that thi* 
decrease in the amount of oxygen dissolved in a salt solution 
can also inhibit growth when it exceeds a certain limit« Thia 
is shown very clearly by the following experiments. 

XL THE NECESSITY OF OXYGEN IN 6EGEKEHATION 

When sea- water was boiled, and Tnbularian stems intro- 
duced into it after it had cooled, no regeneration of |K>lypQ 
occurred ; if, however, I shook the boiled water for a time 
thoroughly with air, regeneration followt*d. Water there- 
fore must contain a certain minimal cuncentration of oxygen 
in order to render regeneration possible. 

But it can also be shown that the end of a Tubularian 
which is to regenerate must be surrounded by water contain- 
ing a definite amount of oxygen, and that it is not sufficient 
to have merely the remaining portions of the Tubularia 
taking up oxygen. The Vjottom of an aquarium was covered 
with fine sand. I set glass tubes 5cm* long and 3 ^4 mm. in 
diameter vertically in the sand. The upi*er end of the tube 
(Fig. til) was drawn to a j>oint a, which was just suf- 
ficiently fine to allow the stem of a Tubularian to pass 

1 Eltcent Dxperimeati^ wliicb I h&vf> tnndi^ pciiut |fi the ixiHHibUitj that the* rapid 
diffasiiim of jMiUfv frnm th«? nnimaL wh(?a it is broaj^^ht iuto mar« diluti? stilntiiiti^ 
11», ill SO1U0 ftBimals ^ht- cnusp of dentils [l0O!iJ 
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through. I inserted into the tube a Tubularian from which I 
had previously cut oflf the root and polyp, so» that thc^ one 
end 6 was in the tube and the other end c was freely sur- 
rounded by water in the aquarium. A polyp was formed 
nearly always upon the free end c, but only exceptionally 
upon the end b in the tube. The oxygen dis- 
solved in the water within the glass tube did 
not suflSce to render regeneration possible at 
the end 6. 

That regeneration only was inhibited, while 
the power of regeneration was preserved, is 
evidenced by the fact that if, after not too 
long a time, I brought the end 6 back into 
fresh sea- water, regeneration occurred. 

This also explains some of the facts mentioned 
in paper iv (Part I, pp. 123 and 124). I 
mentioned that when one end of a Tubularian 
is fixed in the sand, or in a narrow cleft between 
two slides, no regeneration occurs at this end 
(even though death does not occur — at least for some time). 
At that time I was inclined to attribute the result to mechan- 
ical factors (pressure), but I believe now that we were prob- 
ably dealing with lack of oxygen. 

When I suspended Tubularise in the aquarium in such a 
way that the one end was very close to the surface of the 
sand, but did not touch it, and arranged my apparatus so 
that only a small current of water entered the surface of the 
aquarium, and kept the whole free from movement, no 
regeneration followed at this end. The cause for this is as 
above. According to Jacobsen, the layer of water just above 
the mud bottom of the ocean is \k>ot in oxygen.* 

It may be that a movement of protoplasm toward the end 
of a stem is possible only when this cut end is contained in 

1 Jacobhen, Annalen der Chemie und Pharmazie^ Vol. CLXVII (1873). 
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water which is rich in oxygen; in other words, that w© are 
dealing with a case of **chemotropism,^' 

XII. THE BELATION OF KEGENEBATION AND OBOWTH IN 
TUBULAßlA TO HOME OF THE INOEGANIO SUBSTANCES 
CONTAINED IN THE BEA-WATEfi, ESPECIAIXY POTASSIUM 

1* The salts dissolved in sea- water may tw? of importance in 
regeneration and growth, not only through their osmotic 
effect, but also through their effect upon the metabolism of 
Tubularians. We have already become acquainted with 
their osmotic effect utx>n regeneration and growth. We will 
now investigate whether any of the substances dissolved in 
sea-watar are indisi>ensable for regeneration and growth in 
Tubularia. In the following experina^nts the weight of the 
salts always refers to the dry salt after the water of crystal- 
lization has been removed. One thousand ]>arts of sea* 
water, accortling to the analysis of Forehheimer, contain the 
following inorganic substances: 

Sodium chloride - - - - - - 30.292 

Potas5>ium cliloride - - - - - 0.719 

Magnesium chloride - . - . . 3.210 

Qdcium sulphate - , . . - K605 

Magnesium esidphate ----- 2.638 

Silica teft, calcium phosphate, and residue - O.OBO 

2. I added 11.3 g. of NaCl to SOOcc, of fresh water {Serine 
water) and the same amount to 300 c.c. of distilled water* 
The distilled water was thoroughly shaken in the air after the 
addition of the salt The amount of salt in each of the 
solutions about equals that contained in ordinary sea- water. 
But while the Tobularians in a control dish of 300 c,c. of 
normal sea-water regenerated rapidly, no regeneration 
occurred in the animals of the same colony which were put 
into the pure NaCl solutions. 

I now tried 300 c.c, of each of the following solutiona; 
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I II III 

3.3 g. NaCa 3.3 g. NaCl 1.6 g. NaCl 

100 C.C. fresh water 0.03 g. KCi 1.6 g. MgSO« 

100 C.C. fresh water 0.03 KCi 

100 c.c. fresh water 
No regeneration whatsoever occurred in the first solution; 
small and not entirely normal polyps formed in the second, 
but no growth occurred; normal regeneration and growth 
occurred in the third solution. 

3. It might be possible from these experiments that the 

MgSO 4 is «essential for regeneration and growth, while KCl 

is only secondary. I therefore experimented with the follow- 

in£r solutions : 

^ I II 

2^ g. NaCl 2.3 g. NaCl 

1.0 g. MgSO* Ig.MgSO* 

100 c.c. fresh water 0.03 g. KQ 

100 c.c sea-water 
No regeneration whatsoever occurred in the first solution; 
but regeneration and growth were normal in the second. 
After six days I divided the first solution and the animals 
contained in it into two vessels, adding 0.05 g. of KCl to 
one of them, while I left the other unaltered. The animals 
contained in the dish to which I had subsequently added 
the KCl regenerated and grew in a normal way, while not 
even a suggestion of regeneration was apparent in the other. 
The presence of potassium in seor-water is therefore neces* 
saryfor regeneration. 

4. It had still to be decided which constituent of MgSO 4 
is essential for regeneration in Tubularia. I substituted 
Na2S04 for MgS04, and experimented with 300 c.c. of each 
of the following solutions : 

I II 

2.5 g. NaCl 2.5 g. NaCl 

0.8 g. Na2 SO4 0.8 g. Na2 SO4 

100 c.c. fresh water O.aS g. KCl 

100 c.c. fresh water 
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No regeneration whatsoever occurred in the first solution; 
in the second Bmall abnormally formed jxilyi^s with tiny 
tentaeles, which soon dropped off, developed. No growth 
occurred, 

5. Whether other substances can be substituted for NaCl 
I was not able to investigate at this time. If we omit this salt 
from our conclusions, our experiments show that a small 
amount of [xjtassium must be contaLned in solution if the 
polyi^s are to regenerate, bnt that for the formation of normal 
polyps and for normal growth magnesium is also required. 
Besides NaCl (for which substitutes may perhaps be foimd), 
these two substances suffice for regeneration and growth in 
Tubularia," In only one respect did the parts regenerated in 
my artificial solutions differ from those obtained in normal sea- 
water — the j>eriderm of the former remained soft, while that 
of the latter became hard. The importance of [.>otagsium 
in the formation of cells has been emphasized by Hoppe- 
Seyler : 

Even though definite t^m pounds of potas,Hiuin with organic 
Bubstancei^ which might be considered essential to life- processes 
are unknown, the presence, without exception, of potassimn in all 
orgnnisnis from the lowest to the highest compels us to assumu that 
compounds of this metal play a necessary role in all geuend detel- 
opmental processes. The organs of the in?ertel>nites alscj always 
contain potassium, and those paris of plants contain the greatest 
amount of potass j urn whieh have the greatest developmental pow- 
ers. The power of organisms* to separate from and retain the 
potassium of the liquids which nourish them is shown et^pecially 
weJl by the fact that fresh- water streams and lakes and 8ea -water 
contain only very small amounts of potassium beside much larger 
amoinits of sodium, calcium, and magnesiimii yet organisms grow- 
ing in them cout4iin mueh potassium, which they have been able to 
collect only from these waters which are so poor in pota;ssium, and 
from noi^here else.^ 

< Thh h lint correct* Tlie Seriao watar eontaimt Ca whieli is also uaeaiaarr f<»r 
rügeae tiithm. [1 903] 

> FhyfiotoguKhe Chentitt p. fll. 
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XIII. FUBTHEB OBSEBVATIONS ON THE EFFECT OF DIFFEBENT 
SALTS UPON BEGENEBATION AND GBOWTH IN TUBÜLABIA 

1. According to Hoppe-Seyler, potassium has a poisonous 
effect upon higher animals when introduced in too large 
amounts into the food. I have already shown that after the 
addition of 1.3 per cent. NaCl to sea-water, regeneration is 
still possible, but not growth. With this as a starting-point, 
I investigated whether regeneration is still possible after the 
addition of 0.6 g., 1.0 g., 1.3 g., and 1.6 g. of KCl to each 100 
c.c. of ordinary sea-water. An opaque precipitate was imme- 
diately formed at both cut ends when I introduced Tubu- 
larian stems into the two most concentrated of these solutions. 
In not one of them did regeneration occur. After eight 
days I returned a number of these animals which had been 
in the potassium-chloride solutions to normal sea-water, in 
order to determine whether they were dead, or whether 
regeneration had only been inhibited in them. The animals 
returned from the 0.6 per cent, and 1.0 per cent. KCl solu- 
tions to normal sea- water regenerated and grew in this; the 
remainder, however, were dead. 

I now added to each 100 c.c. of sea- water 0.16 g. and 
0.33 g. of KCl. In the weaker of these solutions all the ani- 
mals regenerated, but much more slowly than the control 
animals of the same colony kept in ordinary sea-water. In 
the second solution only four of the nine animals regenerated. 
Growth was also much diminished. While longitudinal 
growth in the animals kept in the normal sea- water amounted 
to 11 mm. upon the average, it amounted to only 1 mm. in 
the same time and at the same temperature after the addition 
of 0.16 per cent. KCl. No measurable growth occurred in 
the second solution. The addition of 0.33 g. of KCl to 100 
c.c. of sea-water therefore suffices to prevent growth entirely, 
while regeneration is not stopped until 0.6 per cent. KCl is 
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added. In doses of 1,3 g* to 100 ac. of sea- water it is fatal 
to Tubularia* 

2. KNOg inhibited growth when 0.0 g, was added to 100 
c,c. of sea- water; regeneration was prevented by the addition 
of 1 g. of ENO3 to 100 c,L% of sea-water, NaNO^ had a 
weaker effect; regeneration still followed the addition of 1,3 
g, to 100 ex. of Bea-water; but when 1,0 g, of this substance 
was added, regeneration did not occnr. An experiment on 
growth gave the following average restilts; ten epecimen» 
were used in each case; the exi>eriment lasted eleven days, 
and the temperature was about 16* C» 

Average Qrowtli 
In normal sea -water - -. - - 1.S mm. 
Additiou of 0.6 per cent NaNCb - Id 
Addition of LO per cent. KaNO» - • 03 

The greater effect of the |X)ta^ium over the sodium is less 
apparent in this experiment than in the chlorine compounds 
of this metal. 

3. The poisonous action of NH|C1 upon Tubularia is very 
striking. An opaque precipitate is formed at both ends of a 
Tiibularian stem when only 0,00 g- of NH4CI is added to 100 
c.c. of sea-water, A quantity 0,03 g, to each 100 ex, of 
sea* water suffices not only to inhibit all regeneration and all 
growth, but renders these Life processes forever impossible; 
for when the animals are returned from such a scjlution to 
normal sea-water, they no longer regenerate and grow* 

4. In conclusion I wish to direct the reader's attention 
to Fig. 62, which Bhows tlie regeneration and growth of 
three Tnbularian stems taken from the same colony* 
They had been put into different salt solutions for the 
same length of time at the same tem{)erature. €tb is in 
all cases the original piece cut from the animal. Pig. A 
remained in ordinary sea- water* The piece bd had grown at 
the oral end 6, the piece ao at the aboral end a; the l>olype 
were very sturdy. The diameter of the new stem is nearly 
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equal to that of the old. Fig. B remained in sea- water to 
which 1.3 per cent. NaCl was added. Frail polyps have 
formed at each end with only four to six tentacles. The 
growth is practically zero, and the diameter of the newly 
grown parts is much less than that of the old stems. C re- 
mained in sea-water to 
which 0.3 per cent. KCl 
was added. At the oral 
end 6 a deformed polyp 
without tentacles has been 
formed, while no growth 
whatsoever has taken place. 
The drawing has been 
somewhat enlarged, and 
the piece ah of Fig. A is 
not shown in full length in 
order to save room ; it was 
in reality as long as that 
shown in Figs. B and C 

XIV. THE BELATION OP BE- 
GENEBATION AND GROWTH 
TO THE QUANTITY OP 8EA- 
WATEB 

It is self-evident that fig. 62 

for the regeneration and 

growth of Tubularian stems the quantity of sea-water is of 
importance only in so far as it enables the stems to obtain 
from it a sufficient amount of the inorganic substances 
necessary for regeneration and growth. As soon as this is 
the case, variations in the amount of sea-water should have 
no effect upon these processes. 

In the ex|)eriments detailed thus far the amount of water 
contained in each vessel always amounted to exactly 300 c.c. 
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This time I distributed the individual animals of a colony of 
TubularisB into different vessels, containing 10, 20, 50» lOO, 

and 200 ex. of sea- water. Each vessel contained six Tubu* 
lainau stems, the roots and polyps of which had been ampu- 
tated at the l)eginniii^ of the experiment. The vessels were 
relatively flat, and only Lightly covered with a glass plate to 
shut out particles of dust that might be carried in through 
the air. Oxygen could thert^fore readily reach the sea- water. 
The tirst polyjis wore formed after thrtje days — five in each 
of the vessels containing UK) and 200 c,c, of sea-water, and 
two in each of the others* Two days later al] of the animals 
had formed new polyps. The inhibition of regen e rat iuu was 
therefore only alight in the vessels containing but a small 
amount of sea-water. On the eighth day after the beginmng 
of the ex[>erinient I measured the growth of the individual 
specimens, which was as follows: 



10c.c.»r Sea- Water 


la 300 e.e. «f Ses-Wator 


8.0 mm. 


7.0 mm. 


12.0 


8.0 


6.5 


13.0 


6£ 


9.0 


7.0 


10.0 


4.0 


3.0 



Average 7.1 mm, B^ mm. 

I obtained about the same average values in the reet 
of the vessels. Ten c*e. of sea -water therefore contain suffi* 
cient inorganic material for normal regeneration and normal 
growth, and variations in the quantity of sea-water above 
this limit have no effect upon these proc43sses. I have not 
made experiments with less than 10 e.c, as these barely 
suffice to cover the Tnbularian stems. The result of these 
experiments is free from the complication which enters 
into Bemper's experiments, in which the animals devoured 
an uucoutroUed (and [XJSsibly uncontrollable) amount of 
vegetable food. 
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XV. SOME casuistic REMARKS ON HETEROMORPUOSIS 

1. It was my intention to analyze the conditions under- 
lying heteromorphosis in other forms as carefully as I have 
done in the case of Tubularia and Antennularia. Lack of 
time, however, rendered this impossible, so I was compelled 
to postpone these experiments. I wish, however, to add a 
few casual observations. 

During the winter of 1889-90 I had already observed that 
in the aquarium the stems of Gonothyrea often grew into 
roots even when not injured externally. I thought at the 
time that lack of light and oxygen lay at the basis of these 
phenomena, but 'did not mention this fact, as I wished to 
make it the starting-point of new experiments. For the 
reasons given above, I did not succeed in mastering organi- 
zation in this animal in the time at my disposal, and so 
have again postponed further work upon these experiments. 

I have already called attention to the tendril-like bend- 
ings of the roots of Aglaophenia pluma in paper iv. These 
curvatures, dependent apparently upon internal causes, play 
perhaps a much more important role than I at first antici- 
pated. They probably are responsible for the fact that the 
orientation of the organs, even those at a distance, does not 
occur with the same regularity as in Antennularia. My 
first experiments were made in very intense light, and it is 
possible that this is the determining factor in bringing 
about, the downward growth of the adventitious roots in 
Aglaophenia. Considering the complexity of the conditions 
determining organization, experiments upon this animal 
with the klinostat might prove fruitful. 

I found in Sertularia that new growths which had the 
form of roots, but were positively heliotropic, formed a polyp 
at their tips after they had attained a certain length, and 
then remained positively heliotropic. According to Sachs, 
certain substances are not only necessary in the formation of 
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certain organs, but the specific reactions of an organ toward 
light and gravity are ako dependent upon the nature of its 
substances. It might be believed, therefore, that the polyp- 
forming substances also determine positive heliotropism, 
while the root-forming substances determine negative heliot- 
ropism. These circumstances might therefore explain the 
apparent paradoxes in the reaction of Bertularia to light« I 
hoj>e to be able to study this question ex[)erLmentally^ and 
therefore will not enter into any further theoretical dis- 
cussion, 

2, I mentioned in the previous volume of these studies 
that Bonnet and Dal yell had found that an organ of another 
kind may occasionally grow in place of one that has been 
lost* Dr* A. von Heider, of Gratz, called my attention to the 
fact that he, too, had observed and described such a case/ I 
will give his description in full here : 

I have often had the opportunity of testing in Cladocora the 
gr^t powers of reproduction which Ckjelonterates in general are 
known to possess. Without discussiug the rapid healing of wounds 
and the renewal of worn out portions of the body, the following tiise 
seems worthy of description, I cut off by a rapid incisiou^ aud as 
near the rim of the shell aa possible, the polyp of a Cladocora, 
which was protniding a great distance beyond its shelly and 
allowtHi the animal to go on living in the aqujuium. As earlj as 
the next day the tentacles of the animal, which had been robbed of 
its calcareous support, were entirely unfolded, the transverse 
wound at the opposite end had puckered to a coniciil scar, and the 
polyp moved over the bottom of the vessel by means of rts ten- 
tacles. When examined with a lens some weeks later, the aboral 
end of the animal was completely healed and posset^sed of a plate 
running parallel to the oral plate, at the periphery of which were 
tiny ekvationa corresixjudiug to the tentacles of the oral plate. In 
the com'se of two months tbesö developed into full-grown ten- 
tacle. In the center of this new plate of tentacles was a round 
opening, the newly formed mouth, so that an entire oral plate had 
been formed at the cut en*l of the polvp, which differed in eitemal 

1Ä. VON ÜEIDEJt, IVif^ti^ ^iLtui^f*btruikt€^ Vül. LXXXIY, Part I 118(^1)* 
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appearance in no way from the old oral plate. A slight swelling of 
the body-wall showed the position of the original cut iu this double 
polyp. The position of the latter also showed that the body itself 
had grown aborally. 

XVI. SUMMABY OP THE MOBE IMPOBTANT BESULTS 

I. The orientation of organs and the place where they 
originate can be controlled in Antennnlaria antennina at will 
through the following circumstances : 

1. The stems are negatively, the roots positively, geo- 
tropic and positively stereotropic. 

2. The place where the organs form is determined by the 
orientation of the animal toward the center of the earth, so 
that branches arise only on the upper surface of a stem ; or, if 
the latter is in an absolutely vertical position, only from that 
cut end which is directed upward. The opposite holds for 
the roots, with this addition, however, that in the region 
where new stems originate new roots may at times also be 
formed upon the upper surface of the old stem. 

3. If a growing but uninjured stem of Antennnlaria 
antennina is suspended with its tip downward, the stem 
ceases to grow as such, but roots may arise from the tip. 

4. When a stem is placed horizontally or obliquely, the 
branches which are directed downward may grow as roots, 
even when they are not injured and not in contact with solid 
bodies. 

II. If a piece is cut from the stem of a Tubularian, the 
regeneration of the polyp at the oral end may retard the for- 
mation of a polyp at the other. By suppressing the for- 
mation of the oral ix)lyp one can accelerate considerably the 
formation of the polyp at the aboral end. 

III. If an incision is made into one of the tubes of a 
Ciona intestinalis, ocella) are formed at both edges of the 
wound. 

IV. If the entire brain of a Ciona intestinalis is extir- 
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pated, the reflexes are preserved, and only the threshold of 
stimulation for their production is raised. 

V, The brain of such an animal is regenerated in the 
course of a few wc*i*k8. 

VI, Growth and regeneration in Tubularia is, as in plants, 
dependent upon the amount of water absorljei Growth is 
increased by an increase in the amount of water absorbed; 
while it is decreased through a diminutiün in the amount of 
water al>sorbed. Growth is practically zero in sea-water 
containing 5.1 per cent, salt, though regeneration of polyfs 
is still possible; when the water contains 5.4 per cent* salt^ 
regeneration also is imjxxssible. With a decrease in the 
concentration of the sea-water, growth becomes progressively 
greater, until it attains a maximum in water containing 2.5 
per cent. salt. If the concentration is further diminished, 
growth decreases rapidly until a concentration of 1,3 per 
cent is reached, when neither regeneration nor growth any 
longer takes place. The temperature was alxjut 15"^ C, in 
these ex|>eriment8. 

VII, When the pressure of oxygen is very low, regenera- 
tion no longer takes place; it is also necessary that the end 
at which regeneration is to occur be constantly surrounded by 
w&ter containing a sufficient concentration of oxygen. 

VIIL The salt solution in which Tubularia is to regener- 
ate and grow must contain jiotassiuni aud magnesium ; yet 
potassium must be present only in small amounts. The 
addition of 0*B3 g. of KCl to 100 ex. of sea-water prevents 
growth ; an addition of 0.6 g. to 100 c,e. of sea- water pre- 
vents regeneration also. 

IX. The amount of sea -water has no noticeable effect 
U[>on growth in Tubularia so long as the animals are snr- 



rounded by a sufficient amount. 




VII 

EXPERIMENTS ON CLEAVAGE' 

1. In the second part of my Untersuchungen zur physio- 
logischen Morphologie^ I showed that regeneration and 
growth in animals are, as in plants, a function of the amount of 
water contained in the cells. When I increased the amount of 
water in the cells of Hydroids by bringing these organisms 
into more diluted sea- water than that in which they usually 
live, the rate of growth increased with the decrease of the con- 
centration of the sea- water. When I diminished the amount 
of water in the tissues of Hydroids by bringing these animals 
into a more concentrated solution than the normal sea-water, 
the rate of growth diminished too. We know that seedlings 
of plants need water in order to develop. It is the same in 
the animal egg^ as recent investigations concerning the 
development of sea-urchins, starfish, arthropods, and fish 
showed me. If we reduce the amount of water contained in 
the egg of the sea-urchin by bringing it into more concen- 
trated sea- water, the process of segmentation is retarded 
only as long as the increase in the concentration is small. 
As soon as the concentration is greater, however, the fertil- 
ized egg does not segment at all. In one case the eggs had 
been fertilized at 9:40 a. m. A few minutes after the impreg- 
nation, one part (a) of the eggs were put into sea-water to 
which 1 g. of NaCl to 100 c.c. had been added. A second 
part (6) were put into sea-water to which I had added 1.3 g. 
of NaCl to 100 c.c. A third part (c) were brought into sea- 
water, the concentration of which was increased by the addi- 
tion of 2 g. of NaCl to 100 c.c. ; and a fourth part (d) 

i Journal of Morphology, Vol. VII (1892), p. 253. 
S WOrzburg, 1892. Part I, p. 191. 
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remaiBed in normal sea- water. At 10:50 nearly all the eggs 
which had remained in normal sea-water were in the two-cell 
stage, while none of the eggs in the other solutions were yet 
segmented; in part (a) the first egg was segmented at 10:55; 
in (6) the first segmentation took place at 11:45 — nearly an 
hour later than in normal sea-water ; and in (c) no segmenta- 
tion at all took place. That the amount of water and the 
intra-cellular pressure in these experiments varied with the 
concentration could be seen from the form of the cleavage 
spheres» In normal sea- water, and still more in sea- water 
which was a little diluted by the addition of 10-20 |>er 
cent, of fresh water, the first two eleavage spheres were nearly 
perfect hemispheres. In sea- water of higher eoncentratiou 
the first two cleavage spheres became ellipsoidal in shajie, 
approaching the sphere more the higher the concentration 
was* When I added more than 2 g, of NaCl to 100 c,c, of 
sea-water, in a few houm plasmolysis took place, and the 
surface of tho protoplasm began to shrink iiTegnlarly, But 
by bringing the eggs back into normal sea-water the normal 
form was restored in a few minutee, 

2- Further iu vest igat ions concerning this subject led me 
to another series of facts, which, as I believe, give the physio- 
logical esplauation of some of the phenomena of cleavage. 
In my investigations concerning the regeneration and growth 
of Hydi"oids, I found that a salt solution which is just con- 
centrated enough to prevent regeneration and growth by no 
means kills the Hydroids, or even annihilates the power of 
growth and regeneration. Hydroids which had been in 
such a solution for several days when brought back into normal 
sea-water began to regenerate and to grow. When 1 made 
the same experiments on fertilized eggs, the results were the 
same. A salt solution which is just concentrated enough to 
prevent segmentation does not annihilate the jK»wer of seg- 
mentation at once. But when I brought such eggs back 
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into normal sea-water, I found that the manner of segmenta- 
tion changes in a remarkable way, according to the time the 
eggs had been in the concentrated sea-water. 

3. I fertilized eggs of sea-urchins at 9:30 in the morn- 
ing, and at 9:43 a part of these eggs were put into sea- water 
to which 2 g. of NaCl to 100 c.c. had been added. The rest 
of the eggs remained in normal sea- water. I will call the 
sea-water to which 2 g. of NaCl to 100 c.c. had been added 
the concentrated solution, and the eggs which had been 
exposed to it the plasmolyzed eggs. At 10:20, before any 
segmentation even in the normal sea-water had taken place, 
I took a lot of eggs out of the concentrated solution and 
brought tl^em back into normal sea- water. At 10:33 these 
eggs began to segment The segmentation was a normal 
one, as only segmentation into two cells took place. At the 
same time segmenCation had taken place in nearly all of the 
normal eggs. The only difference between the normal eggs 
and the plasmolyzed eggs was that the former at 10:33 were 
nearly all segmented, while of the latter only a small part had 
undergone segmentation. Ten minutes later, however, every 
second one of the plasmolyzed eggs was segmented, mostly 
into two, exceptionally into four, segments. But now the 
situation began to change. By this time the normal eggs 
began to reach the four-cell stage, and now many of the 
plasmolyzed eggs which had not yet segmented into two cells 
began to segment into three or four cells at once, without 
going through the two-cell stage at alL The cleavage took 
place in this way, that at the same time, or shortly after each 
other, spherical projections appeared on the surface of the 
egg, which at first were coherent, but which soon, at the same 
time or in quick succession, were separated. This kind of 
segmentation seems to be identical with that which O. and 
R. Hertwig observed under other circumstances, and have 
described as Knospe nfnrchnufj,^ The further segmentation 

lO. AND R. Hebtwio, Jenaische Zeitschrift, Vol,XX (1887). 
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was the same in the plasmolyaed and in the noroial 
eggß. 

At 11 oV-lcM'k I brought a second lot of eggs back from 
the concentrated solution into normal sea-water. These eggs 
did not show the slightest trace of segmentation. At 11:22 
the eggs began to segment, but in hardly any case did the 
eggs divide into twu, but nearly all of them segmented into 
more cleavage sjJieres at once. The numbtn- and sisse of the 
cleavage spheres were not quite regular. There were mostly 
about four spheres in one egg; sometimes, however, five to 
eight» The size of the single cleavage spheres of the same 
egg varied, the smallest spheres being al)out the size of a 
cleavage sphere of the eight-cell stage, the largest that of a 
two-cell stage. At 11 : 44 the first segmentation ivas finished, 
and from now on the segmentation was perfectly regular. 
At 11:40 the normal eggs were in the eight-cell stage. 

At 2; 40 I brought another lot of eggs from the conceo- 
trated solution back into normal sea-water* Not one egg 
showed segmentation. At 2; 50 the segmentation began. 
Just as in the 11 o'clock lot, hardly one egg segmented into 
two cleavage 6|>heres- But while most of the eggs of the 11 
o'clock lot segmented into from four to eight cells, most of 
the eggs segmented now into from eight to sixteen cleavage 
spheres at once. The number and size of the cleavage 
sjiheres varied again in the different eggs, but the striking 
feature this time was the prevalence of cleavage spheres of 
the size of the sixteen-cell stage. The normal eggs by this 
time were into the morula stage. At 4:05 another lot of 
eggs was brought back from the concentrated Sfilutiun into 
normal sea -water. Not one egg had segmented. Twenty 
minutes later, however, nearly all the eggs were in cleavage. 
But this time they did not divide into sixteen, but into many 
more segments at once* I think that most of the eggs 
showed about thirty cleavage spheres. Of course, in this 
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lot, just as in the foregoing lots of the same kind, I found 
cleavage spheres of very diiferent sizes in the same egg. At 
6:50 I repeated the same experiment, taking out a lot of 
eggs from the concentrated solution, and bringing them back 
into normal sea- water. Not one egg showed any trace of 
segmentation, but in a very short time — about twenty min- 
utes — the eggs segmented at once into a great number of 
small cleavage spheres, the smallest and most numerous having 
the size of a cleavage sphere of about the sixty-four-cell stage. 
I repeated this experiment about twenty times, always with 
the same result, which in a few words may be expressed as 
follows: If we bring impregnated eggs into sea-water of a 
certain higher concentration, no segmentation takes place; 
but if we bring them back into normal sea-water, they divide 
in about twenty minutes directly into nearly, but not quite, 
so many cleavage spheres as they would contain by that 
time if they had remained in normal sea-water all the time. 
It must be added, however, that the normal eggs in this 
experiment are always ahead of the plasmolyzed eggs in 
regard to their stage of segmentation, and that their advance 
becomes the more obvious the farther they develop. 

Eggs, after having been in the concentrated solution from 
twelve to twenty -four hours, do not segment at all if brought 
back into common sea-water. All these ex|)eriments are the 
more satisfactory the better the material is. 

4. I varied these experiments by sometimes bringing the 
impregnated eggs into the concentrated solution immediately 
after impregnation, and sometimes later. The result remained 
the same, on the whole, and I will not dwell upon the details 
of these experiments. But the following fact may be of inter- 
est: I impregnated eggs in normal sea- water, and left them 
there until they were all in the two-cell stage. Then I 
brought them into the concentrated solution. The cleavage 
stopped directly. After having been there for three hours. 
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I brought them back into coriiial sea- water; and now ervery 
cleavage sphere divided at once into more than two pieces, 
sometimes into eight or even more. 

5. I concluded from the foregoing oxi)erinients ihat in the 
conceniraicd srdutiofi a sc^gtnentalkm of the nuclei might 
take place without ann segnieniatkm of the j^rotopkism. 
Eggs which had been impregnated in normal sea* water were 
brought into the concentrated solution and watched care- 
fully. No segmentation of the protoplasm took jjlace; but 
the nucleus divided, indeed, into two, and then further divi- 
sions followed, I tried, moreover, to Bt*o whether the proto- 
plasm of such eggs, if brought back into normal sea- water, 
divided into as many cleavage spheres as there were nuclei 
preforme<l, I saw, indeed, that every nucleus l>ecomes the 
center of one of these projections, vvhich later on !)ecome 
cleavage spheres. Dr. Conklin was kiml enough to stain 
some of the eggs which had been in the concentrated solu- 
tion for some time and which nhowed no trace of segmenta- 
tion. Some of these stained eggs showed very distinctly from 
four to atx>ut thirty distinct nuclei. In other eggs the seg- 
mentation of the nucleus was not so y»erfect. Tlio nucleus, 
extremely enlarged, seemed to consist of several parts, whi<*h, 
however, Were still connected, TbcBO eggs had been killed 
at a time when the eggs of the same lot which had remained 
in normal sea- water all the time were in about the Hixty-four- 
cell stage, 

6, ^ol and 0* and R. Hertwig found that in the case of 
polyf^permia the egg at once divides into alx>ut ms many cells as 
there are asters. We know that for the segmentation of the 
protoplasm it dot^s not make any difference whether the nuclei 
are derived from the male pronuclei exclusively, as in the 
case of the impregnation of an enucleated egg: or from the 
conjugated nuclei, as in the normal case; or from lioth conju- 
gated nuclei and male pronuclei together, as in some cases 
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described by Fol. In my experiments the eggs were impreg- 
nated under normal conditions, and cases of polysj^ermia were 
very rare indeed. Nearly all of the eggs which remained in 
normal sea-water segmented quite normally. But I thought 
of the possibility that new spermatozoa might enter the 
impregnated egg in the concentrated solution. I knew that 
such a supposition was in contradiction with all known facts, 
but these facts are still meager. If a polyspermia in my 
experiments took place, it could happen only in the concen- 
trated solution, as here the increase of the number of the 
nuclei was observed. But I found that the spermatozoa were 
perf ectlj paralyzed as soon as they were brought into the con- 
centrated solution; that is, in the sea- water to which 2 g. of 
NaCl to 100 c.c. had been added. I could show, moreover, 
that in this concentrated solution no impregnation is eifected. 
I brought unfertilized eggs into this concentrated solution and 
added s{)ermatozoa. When I brought them back into nor- 
mal sea- water, it took more time from that moment until seg- 
mentation began than it took in normal eggs and in normal 
sea- water from the moment of impregnation to the moment 
of segmentation. The spermatozoa contained in the concen- 
trated salt solution became active again a few minutes after 
being brought back into normal sea-water and then entered 
the eggs. Polyspermia in this case could be observed, but 
not as a rule. Most of these eggs segmented into two cells. 
But it was astonishing how soon the 8[)ermatozoa lost their 
power of impregnating under these circumstances. Sperma- 
tozoa which had been in the concentrated solution only a 
few hours, when brought back into normal sea-water fertil- 
ized only a thousandth part, or still less, of the normal eggs ; 
while spermatozoa of the same animal which had remained 
in normal sea-water fertilized at the same time practically all 
the eggs of the same female. When I tried to fertilize eggs 
in normal sea-water which had been in the concentrated 
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solution for a few hours with spermatozoa that had l>e©ii 
under the same conditions^ only about one egg la a million 
began to show some trace of segmentation, and as a rule this 
segmentation remained in siaiu n(iS€i'^fidi\ but was not accom- 
plisbed. All these ob9er%"atiouB are totally different from the 
phenomena described above. Eggs which had been fertilized 
in normal sea-water, and which were put into the concen- 
trated solution, after being brought back into normal sea- water 
for from ten to twenty minutes segmented without any excep- 
tion, and were able to develop into normal blastulae and plutei. 
Eggs of this kind were still able to develop into normal 
larvte after having been in the concentrated solution for four 
to six hours. But eggs which heforts impregnation had been 
put into the concent rated solution together with Rpermatozoa, 
and which four to sis hours later were brought back into nor- 
mal sea-water, reached only the first stages of segmentation, 
if they segmented at all, and then stopfjed developing, I 
never got a living larv^a from these eggs. From all these 
facts I conclude that the continual increase of the nuclei of 
the impregnated eggs in the concentrated solution was due, 
not to polys|>ermia, but simply to segmentationof the nucleus. 
lu these exjjeriments bacteriological precautions are neceg- 
sary, as the water of the aquarium is liable to contain quan- 
tities of spermatoÄoa, 

7. Prom the above I lielieve to have shown that by bring- 
ing fertilized eggs of sea-urchins into more concentrated sea- 
water — we added 2 to 2,4 g. of NaCi to 100 c,c, of sea- water 
— the segmentation of the nucleus proceeds, although more 
slowly than under normal conditions, while no segmentation 
of the protoplasm is |X)9sible. Tlie fact in itself is of some 
technical value^ as it enables us to separata two processes 
which nature generally produces together, or which hitherto 
we had not the |x)wer to separate at desire. In regard to 
our knowledge of segmentation, we see from this that the 
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physiological conditions for segmentation of the nucleus are 
diflferent from the physiological conditions of the segmenta- 
tion of the protoplasm. We now can be positive in this 
regard, as under the same conditions the nucleus continues 
segmenting^ while the protoplasm does not show the slightest 
trace of segmentation. But these experiments allow us to 
go one step farther and to make clear one element in the 
complex called segmentation, namely, the physiological cause 
for the segmentation of the protoplasm. We saw that in the 
concentrated solution the protoplasm did not segment, while 
as soon as it was brought back into the normal sea-water it 
segmented at once into about as many cleavage spheres as 
nuclei were formed. All further inferences depend upon 
our knowledge of the eifect of salt solutions on protoplasm. 
I have investigated this point myself, and have caused others 
also to take up this question. The result of all investigations 
hitherto carried on is as follows: Raising the concentration 
of the salt solution in which an animal or a tissue lives has 
the same eflFect as lowering the temperature; lowering the 
concentration has qualitatively and quantitatively the same 
eflFect as raising the tem[)erature. I will mention two cases 
to illustrate thia First, one example to show the parallelism 
of the mentioned eSert of the temperature and the concentra- 
tion in qualitative regard. I have recently succeeded in 
making animals belonging to diflferent classes — lar\'8B of 
Polygordius, Copepods, etc. — {Kjsitively heliotropic by bring- 
ing them into low temperatures, and making them negatively 
heliotropic by raising the temperature of the water. In water 
from 0"^ to about 10° larvae of Polygordius, for instance, are 
exclusively positively heliotropic. In water above 25 ° they 
are exclusively negatively heliotropic. But by adding a 
certain amount of NaCl to normal sea-water I was able to 
make them just as well positively heliotropic, and by adding 
a certain amount of fresh water to the normal sea-water I 



262 



Stciüies in General Physiology 



could umkt? them negatively heliotropic* The same was the 
case in Copepods, only the absolute figures differ, as was to 
be expected* Btj bringing lirutg f issues inio a sohlt ion of 
higher convcntrution^ we reduce the irriiabilitif by reduring 
the amount of water contained in them. By reduetion 
of irritability we mean that the effect determined by the 
same cause is quantitatively less. That explains how the 
segmentation of the protoplasm is generally determinetl, 
why in a solution of a certain coneentration no segmenta- 
tion of the protoplasm takes place, and why when brought 
baek into normal sea-water the protoplasm segments at 
once into about as many sphere» as there are nuclei pre- 
formed. The segment fdion of the protoplasm is the i^iffect of 
a stimnhts trhivh the nnchus applies to the protoplaii7n^ and 
wtiich mcikes the protoplasm close around the nucletts. It 
we bring the fertilized egg in the concentrated salt solution 
(2 g* of NaCl to lt)0 c.c, of sea-water), the nucleus divides, 
and every nucleus a|>plies the stimulus to the protoplasm 
with which it is in contact But the protoplasm of the egg, 
on account of its containing too little water, is in the condi- 
tion of a cooled -off muscle, which does not answer to the 
stimulation of the nerve, and no segmentation of the proto- 
plasm takes place. But as soon as we bring the e^g back 
into normal sea- water, the protoplasm takes up water very 
fast and regains its irritability ; and now, of course, it answers 
to the stimuli from the nuclei, and closes around every 
nuc lexis of segments. If we add a smaller dose of NaCl^ — 
namely 1,3 g, of NaCl to 100 c.c. of sea -water — the irrita- 
bility is only a little less than it is normally, and the whole 
effect is that the reactions of the protoplasm are somewhat 
slower and retarded. Of what kind the stimulus is, and from 
which part of the nucleus it is exercised, we cannot telL From 
other facts I am inclined to believe that this stimulus is a 
chemical one, and caused by certain substances produced in 
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the nucleus which also may be effective if separated from the 
nucleus. 

8. The physiological causes of the segmentation of the 
nucleus are not directly touched by these experiments. But 
two points ought to be mentioned : first, that the segmenta- 
tion of the nucleus in the concentrated solution (2 g. of NaCl 
to 100 c.c. of sea-water) was retarded, and at last ceased 
entirely after from twelve to twenty-four hours; secondly, 
that the segmentation of the nucleus was extremely irregular 
when the protoplasm did not take part in segmentation. We 
see in these facts some of the influences which the proto- 
plasm exercises on the segmentation of the nucleus. This 
influence may be exercised in this way, that by the high 
intra-cellular pressure which normally exists in the cleavage 
spheres these spheres press and flatten each other. The form 
of the cell, however, determines, as Sachs showed long ago, 
the orientation of the plane of division, and, as Hertwig 
believes, in such a way that the longitudinal axis of the 
Kemspindel is put in the longest diameter of the cell. 
Therefore we ought to expect that, within certain limits, with 
increasing intracellular pressure, Sach^s law of the rectangu- 
lar division of the planes of cleavage would become more 
obvious. I found, indeed, that in normal, or still more in 
somewhat diluted, sea-water, where the turgor, and conse- 
quently the flattening of the cleavage spheres, was the great- 
est, Sach's law was the most exactly realized. Therefore this 
geometrical regularity in the segmentation of the nucleus 
which is so striking under normal conditions must disappear 
at once if the protoplasm does not take part in segmentation. 

9. Our observations concerning the dependence of irrita- 
bility of the protoplasm upon the water contained in the tis- 
sues add one more fact to those given already to explain the 
importance of water for all processes of growth and develop- 
ment. If we reduce the amount of water in a regenerating or 
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growing tissue, we not only retard or prevent these processes 
by rediaeing the volume of the cells and the mechanical 
effects of ihe intracellnlar pressure, Imt we reduce also the 
imtability of the protoplasm. This imtahility, as we saw, 
plays an important role in the procesa of cleavage, and as 
regeneration and growth is a function of prtKresses of cleav- 
age, we at once understand why regeneration and growth 
mUHt lie retarded or accelerated by bringing Hydroids into 
more concentrated, or more diluted, sea-water. But if this 
inference m right, our experiment holds good for the process 
of cleavage not only in eggs, but in cells in generaL 

The experiments which are mentioned in this pajx*r were 
all made on sea-urchins (Arbacia), 

The chief result of these iuvestigations is, shortly, as fol- 
lows. 

If we reduce the irritability of the protoplasm of the egg 
by reducing the amount of water contained in it, the nucleus 
cau segment without segmentation of the protoplasm. If we 
increase again later the amount of water, and consequently 
the irritability of such an egg, the protoplasm at once divides 
into about as many cleavage spheres as there are nuclei pre- 
formed. The segmentation of the protoj>lasm in the egg, 
and probably in every cell, is only the effect of a stimulus 
exercised as a rule by the nuclei. 




VIII 

THE ARTIFICIAL TRANSFORMATION OF POSITIVELY 
HELIOTROPIC ANIMALS INTO NEGATIVELY HELIO- 
TROPIC AND VICE VERSA' 

The new facts contained in the following pages deal 
chiefly with the task of rendering positively heliotropic 
animals negatively heliotropic, and vice versa. I think also 
that I have discovered a difference in positively and in nega- 
tively heliotropic animals with regard to the liberation of 
energy. As both series of observations may give us some 
clue in regard to the nature of heliotropic phenomena in 
general, I have briefly repeated here the description of the 
simple facts of heliotropism, and have prefaced it with a 
short theoretical explanation. A later part in this paper 
treats of the behavior of animals, which, though not helio- 
tropic, still react to the light by movements. These I shall 
term photokinetic {unterschiedsempfindlich). In the con- 
cluding part of this paper are given the results of some further 
experiments bearing on the causes of depth-migration and 
depth -distribution in marine animals. 

I. THE SIMPLE FACTS OP HELIOTBOPISM 

1. All former authors who have studied the behavior of 
animals toward light have, without exception, been of the 
opinion that animals " preferred " either light or darkness, 
and correspondingly either sought the light places in space 
or shunned them. Five years ago I showed that there is a 
large number of animals which are oriented by the light, 
and in such a way that they are forced to place their axes 
or planes of symmetry in the direction of the rays of light. 

1 Pflügtr» Archiv, Vol. LIV (1893), p. 81. 
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This leaves still two [lossibilities: the oral, or th© aboral^ 
pole may l)e turned to the souree of light. When the former 
is the case, the animals are called jMisitively heliotropic; 
when the latter is the case, negatively heliotropic. In the 
case of sessile animals orientation was brought about by the 
light without any complicating secondary phenomena, acd 
when light fell ui>on them from one side only, heliotropic 
curvatures resulted just as in plants. Spirographis spallan- 
zanii gave rise to f positively heliotropic curvatures; while the 
stolons of Sertularia gave rise to negatively heliotropic cur- 
vatures under certain eonditions. If, however, the animals 
are able to move freely, a complicating feature appears, in- 
asmuch as the animals execute progressive movements» and 
these take [>lflce in the direction of the rays of light, as the 
median i>laije of the animals is brought into this direction. 
If the animals are pcjsitivety heliotropic, progressive move- 
ments must occur toward the source of light. If the 
animals are negatively heliotropic, they must move awajf 
from the light. The difference between this idea and that 
of former authors is recognized immediately. According to 
my idea, the fact whether the animals go toward the light or 
away from it, is a consequence of their orkmiuiion by the 
light — a fact which former authors overlooked. Moreover, the 
direction of the progressive heliotropic movements iiee in 
the direction of the rays of light — another fact whichhad been 
universally overlooked. The former conception, that certain 
animals seek the ** light," while others seek the **darkne8s," 
is completely refuted by the fact, which I discovered, that 
pt»sitively heliotropic animals can l»e forced to go in the 
direction of the rays of light from sunlight into the shade, 
and to remain there; while negatively heliotropic animals 
can l>e eomiwllefl to move in the direction of the rays of 
light, from the shade into direct sunlight, and remain there* 
A few exiM^riments will better illustrate the nature of helio- 
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tropic phenomena than long discussions, and as negatively 
heliotropic animals are very rare — indeed, much rarer than 
I formerly assumed — I will illustrate the more simple facts 
of heliotropism in such an animal and on one which I have 
had the opportunity of studying in America. 

2. The larv» of Limu- 
lus polyphemus — the 
horseshoe crab — are ener- 
getically negatively helio- 
tropic for some time after 
they have escaped from 
the egg. If these animals, 
which live for months 
without food in a small 
vessel of sea water, are *% 
brought near a window, 
they collect during the 

day in a narrow zone on the room side of the vessel If the 
vessel is carefully turned through an angle of 180°, so that 
the animals are brought to the window side, they at once 
return in perfectly straight lines to the room side of the 
dish. The animals are clumsy in their walking movements, 
and tumble over very easily — a fact which must of course 
be considered. 

It can easily be shown that the movements of the animals 
follow the direction of the rays of light. Let AB in Fig. 
63 represent the horizontal section of a window through 
which direct sunlight falls obliquely. SSi are the horizontal 
projections of the sun's rays. The circle is the section of 
the vessel in which the animals are contained. At the be- 
ginning of the exi^eriment the larvsB are at C, Immediately 
after being exposed to the light they begin to migrate, not, 
however, in the direction CD, perpendicular to the plane of 
the window, but in the direction of the sun's rays SSi» 
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Nor do the animftk collect at D on the room side of the dish, 
but rather at E. The movements, therefore, occur iVi the 
direction of the rufßs of light. If the experiment is to be 
demonstrated to others, a shadow may he thrown into the 
veesel by a rod, in which case one can see directly that the 

animals move parallel to 
the shadow. 

Attention need scarcely 
be called to the fact that 
if rays of light strike the 
animal simu Itaneously 
from various directions, 
and the animal is able to 
move freely in all direc- 
tions, the more intense rays 
^10-** will determine the direc- 

tion of the progressive movements. 

That it makes no difference to the negatively heliotropic 
Limalus larvae whether they go from regions of less intense 
light to regions of greater intensity— that is to say, from 
the "dark" into the "light"— but that o//?// the direction 
of rays of light determines the direction of the progressive 
movements, is shown l)y the following ex[>eriment. Let AB 
in Fig* 64 again be the plana of the window; 88^ the hori- 
zontal projection of the sun's rays falling into the room 
obliquely from without and above. The horizontal part of 
the window frame casts the shadow CD upon the table. The 
strip CD will, of course, be illuminated by reflected daylight 
I placed the vessel *'f coutaiuiug the Limulus lan"ae upon 
the table so that the window side e of the dish lay in the 
shadow, while the room side / of the dish was in the sunlight. 
At the beginning of the e2£i>eriment the larv^ were collected 
in the shadow on the side of the dii^h nearest the window. 
They at once began to move to the room side in the path of 
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the dotted line ef^ . In the shadow the animals were oriented 
by the diflFnsed light, and as the rays fell into the dish sym- 
metrically from both right and left, the animals at first 
moved in a line perpendicular to the plane of the window, 
but as soon as they came out of the shade into the direct 
sunlight, they did not turn about, nor did they even hesitate, 
but followed in the direction of the sun's rays to f^ , where 
they remained. The animals went thus from the "dark" 
into the "light." 

To overcome the objection that the animals "love the 
light," I made a third experiment, in which the conditions 
remained just as in the experiment described above, except 
that I placed the dish near the window in such a way that 
the room side was in the shade and the side next the window 
in direct sunlight. The animals which were on the window 
side at the beginning of the experiment moved, as before, in 
the direction of the sun's rays out of the sun into the shade, 
where they remained. 

I wish to emphasize the fact that the animals remained 
permanently on the room side of the dish, under all con- 
ditions, no matter whether this part was in the sunlight, in 
diffuse daylight, or in twilight. 

These facts show, first, that the larvae of Limulus move 
in the direction of the rays of light, away from the source 
of light; and, secondly, that they do so even when by so 
doing they pass from shade into direct sunlight (or vice 
vers(i). 

I call those animals which are oriented by light helio- 
tropic, no matter whether, besides this, they execute pro- 
gressive movements or not. But I wish to point out that not 
every animal that is sensitive to light is also heliotropic. As 
we shall see below, aside from the heliotropic, there is 
another reaction to light, which does not consist in a direct 
orientation of the animal. 
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IL ON THE THEOBY OF HELIOTROPISM 

Every attempt to formulate a theory of beliotropism k 
handicapped by our ignorance of the nature of the changes 
which are prothiced by the light in the Ulnminated tissuefl. 
If we acknowledge thia gnp, then the rest of the heÜotropic 
effects of light upon animals may, i>erhaps, be understood as 
follows; Let us imngine any number of ssectiona made 
parallel to the three principal axes of a bilaterally symmetric 
caU heliotropic animah Of these elements into which the 
animal has been divided, always two which occupy symmetri- 
cal poBitionB with reference to the median plane of the 
animal jiossess equal irritability. Every other two elements, 
however, possess unequal irritability, and generally the 
irritability of the oral end is greater than that of the abi^ral 
eiuL CorresiKinding elements un the dorsal and ventral 
sides have unet^ual irritabi lilies. I imagine the importance 
of this distribution of irritability fur the orientation of the 
animals to be as follows: If the light strikes one side of the 
animal, changes occur in the illuminated tissues, which at 
present are unknown. Itt consequents^ a change occurs in 
fhv frttsion of the mtL^rh^.-^ (or the contractile elements which 
act like muscles), which may 1>© of two kinds: the light 
either brings about an increased tension of the muscles on 
that aide of the animal which is exy)osed to the light (or of 
those muscles which turn the animal toward this side); or 
the op|>osit6 occurs, and the light brings alxmt a decrease in 
the tensioD of these muscles and a preponderance of the 
tension uf their antagonists* The first takes place, as I 
assume, in jxjsitively heliütroi>ic animals; the second, in 
negatively heliütropic animals. These assumptions explain 
the orientation of animals by light. Let SS^ (Fig, 65) be 
parallel raysuf light; a the oral, h the al »oral end of a helio- 
tropic animal. At the beginning of the ex[>eriment the 
animals move in a straight line in the direction &a. The 
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FIG. 65 



tension of the muscles turning the animal to the right 
and to the left is then the same. As soon, however, as 
the rays of light SS^ strike the right side, the tension of 
the muscles which turn the animal toward the light side 
either becomes (1) greater or (2) less; and this diflFerence in 
the tension of the symmetrically situated ^ 
muscles will in either case be greater at 
the more irritable, oral end a of the animal 
than at the less irritable, aboral end 6. In 
the former case the animal will be forced 
to assume the position ba^, and, further 
more, under the same conditions, to bring 
its median plane into the direction of the 
rays of light; it is positively heliotropic. 
In the latter case it will be forced to assume 
the position fea^; it is negatively heliotropic. 
As soon as the plane of symmetry coincides with the direction 
of the rays of light, symmetrically situated points on the 
body of the animal are struck at the same angle by equally 
strong rays of light, and the animal can then no longer be 
driven either to the right or to the left by the light, and 
consequently continues to move in the direction of the rays 
of light. As soon, however, as the animal is again disturbed 
in its movements in this direction, through some other 
external or internal stimulus, symmetrically situated points of 
the animal are again stimulated unequally by the light. In 
consequence there is a corresponding change in the tension 
of the symmetrical muscles, and as a result of this the 
animal is again brought into its proper orientation. 

I wish, however, particularly to emphasize the fact that 
the progressive movement of heliotropic animals in the 
direction of the rays of light is a fact which can be directly 
observed and demonstrated, and is not a mere hypothesis. 

The question further arises whether facts are indeed at 
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hand to bIiow that the phenomena of the liberation of energy 
pnjfluced by the li^jht show different characteristics in posi- 
tively and negatively heliotropic animals to corresi>ond with 
this theory. Negatively as well as poöitivtdy heliotropic 
animals execute [>rogreösiv6 movements under the influence 
of light, independently of their orientation, and a difference 
could l>e ex]*ected only in thö efforts which the animal must 
make to execute the given progresetive movements. It might 
be thought that in fKJsitively heliotropic animab light brings 
about a condition of the muaclea or the nervous system in 
which the liberation of energy is made easier, while in nega- 
tively heliotropic animals a condition of the muscles is 
brouo^ht about by the light in which the liberation of energy 
is made more difficult I have given some observations in 
sec. 4 of this jMiper which seem to sustain such an assumption. 
Before doing this, however, I wish to acquaint the reader with 
a series of new facts which deal with the transformation of 
poBitive heliotropism into negative, and vice versa. 

TIL OS THE TRANi^FOBMATlQK OF POSITIVE HELIOTROPISM 
INTO NEGATIVE HELlUTBOPiSM, AND THE BEVEBKE 

1, In my earlier papers I was able to describe such ani* 
mals only as were constantly positively or negatively helio- 
tropic. Later, Groom and I deB<.ribed some observations at 
Naples on the behavior of the nauplii of Balanus |>erforatits, 
and certain other marine animals, which were at times nega* 
tively heliotropic, and at other times positively heliotropic* 
We found that the intensity of the light determines the sense 
of heliotropism in these animals. Above a certain intensity 
light makes these animalB negatively heliotropic, and this 
the more tjuickly the greater the intensity of the light* 
By lamplight the animals were always positively heliotropic, 

I have made further experiments on pelagic animals at 

»"Der ncUotmpbmuä der Kaupdieti vüo Balauua perforatüs," BioUtffuehm 
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Woods Hole on the artificial transformation of positive heliot- 
Topism into negative heliotropism, and vice versa, I obtained 
the best results in the larvse of Polygordius in the early 
stages of development. These appeared in countless num- 
bers for about two weeks in June in the surface dredging 
near the coast of Woods Hole, and I was able to collect my 
material in abundance and in good condition. 

Immediately after the larvae had been caught they were 
always negatively heliotropic. When they were left undis- 
turbed, they became positively heliotropic in the course of 
several hours. This transformation occurred more rapidly 
when the vessel was covered than when it was allowed to 
remain uncovered. If the vessel remained covered per- 
manently, the animals remained positively heliotropic at 
ordinary room temperatures. 

In order to describe more accurately the phenomena 
which I have observed on the artificial transformation of the 
sense of heliotropism, I must introduce a new term, namely, 
the intensity of heliotropism. We find very frequently that 
in intense light an animal moves exactly in the direction of 
the rays of light ; that in weaker light the direction of the 
progressive movements in general still follows the direction 
of the rays of light, but that at any particular moment the 
median plane of the animal, instead of being exactly parallel 
to the direction of the rays, may form a slight angle with 
them. These slight deviations of the median plane from 
the direction of the rays of light may occur at times toward 
the right, at times toward the left; and the path of such an 
animal oscillates continually from the straight line with 
which we indicate the direction of the rays of light. The 
amplitude of these oscillations is a function of the intensity 
of the light, and they become greater when the intensity of 
the light diminishes. We also find, however, that at the 
same intensity these oscillations may be unequally great in 
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different animals. When other external conditions are the 
same, we deal in these cases with different degrees or inten- 
sities of heliotropic irritability. We therefore measure the 
intensity of the irritability by the (reciprocal) value of the 
oscillating deviations of the animal from the direction of the 
rays of lights It will therefore be understood what is meant 
wheo I sjK^ak of an increase or a decrease in the positive- 
ness or negativeness of the heliotropism, 

2. I succeeded regularly^ in mciking the larvm of Poly- 
gordiiis negativelif kelioiroj^ic through an increase of iem- 
percdure, ami positireltf hrliotropic through cooling, 

A large numb(*r of freshly caught larvie were distributed 
into seven glass dishes. Each dish contained thousands of 
larvfe, and they were all without except ion negatively helio- 
tropic. I chose a vessel with such negative animals, and set 
it into a larger vessel containing ice and salt in order to cool 
the water containiHg the animals. The experiment was 
made before a window facing the north. At the beginning 
of the experiment, at 2:05 R m,, the temperature in all the 
vessels was about 16.5** C, In the course of the next seven 
minutes the temperature in the dish surrounded by the mix- 
ture of ice and ^alt fell to II ° C, without a change occur- 
ring in the behavior of the animals* No matter how often I 
changed the orientation of the dish toward the window, the 
animals went in a straight line back to the room side of the 
vessel. At 2:15 p. M. the temjjerature had fallen to 8"^ C. 
A few of the animals then left the negative side of the dish 
and mo%^ed to the window side. The temperature fell to 
0"" C*, and the larvie went in swarms to the opposite side. At 
2:33 the temperature of the dish was 5° C, and only a small 
projx»rtion of the animals were negatively heliotropic. At 
2:30 at a temperature of 4° C. only about ten animals 
remained at the negativ© side; while the remainder, practi- 
cally thousands, were collected at the i^ositive side. In the 




Transformation op Heliotropio Animals 275 

other vessels in which the temperature had not been changed, 
all the animals had remained, without exception, negatively 
heliotropic. I took pains to keep thö temperature in the 
vessel itself uniform throughout. 

Later, when I allowed the temperature in the cooled dish 
to rise again, the animals gradually became negatively 
heliotropic as soon as the temperature reached 6° C. and 
above. 

It could be shown that the absolute height of the tempera- 
ture, and not the sudden fall in the temperature alone 
made the animals positively heliotropic. When I removed 
negatively heliotropic animals from water having a tempera- 
ture of 23® C, and brought them suddenly into water hav- 
ing a temperature of 13° C, they remained negative even 
when I waited as long as an hour; while, when the tempera- 
ture sank as low as 7° C, the animals became positively 
heliotropic in a few minutes. When the temperature was 
lower than 6° C, the animals remained positively helio- 
tropic as long as the temperature remained as low as this (in 
some experiments this was for two hours). The temperature 
at which the animals become positive is, of course, not ab- 
solutely the same in all experiments. I have repeated the 
experiments with many modifications, and have always found 
that when cooled below +7° C. all, or almost all, the animals 
became positively heliotropic. 

A few observations on the behavior of these animals at 
low temperatures may perhaps be of interest. The positive- 
ness of the animals at +4:° C. was greater than the positive- 
ness of the animals at +7° C, the oscillations from the 
straight line were smaller, and their movements more ener- 
getic — a fact which I had not anticipated. I still observed 
positively heliotropic reactions at a temperature of +0.4° C. 
The reaction to light ceased at —0.5° C, although the 
animals still moved, and at — 2° O. the animals passed into 
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cold rigor. As the animals are exceedingly small, it is 
reasonable to assume that their tem|>eratnre was almost 
identical with that of the sea-water in which they were con- 
tained. 

Positively heliotropic Polygordius lavvm can easily be 
made negatively heliotropic through an increase in tempera- 
ture, I put some animals, which at the room temperature 
of +24^ C had all beconie positively heliotropic, into a 
dish, and put the dish, as usual, into another glass vessel of 
larger size. At 10 : 45 a. M, warm water was poured into the 
outer vessel At 10 ■ 52 tht? temperature of the dish con- 
taining the animals was 25* 5 '^ C, and aU the animals were 
still positively heliotropic* Five minutes later, when the 
temperature had reached 29^ C*, all the animals became 
negatively heliotropic. The reaction continued the same 
until 34 "" C*, when the animals do longer reacted to light. 

In another exjK?riment the animals were positively helio- 
tropic at the room temperature of 17° C. When I raised 
the temi>erature to 24*^ C, in the same way, as before, the 
animals became negatively heliotropic, and their negative- 
ness increased at first with an increase in temperature. Just 
as it wag possible every time to make negatively heliotropic 
an im als positive through cooling, it was also possible every 
time to make jiositively heliotropic animals negative through 
heating. I have repeated the ex[)eriments many times, and 
besides have demonstrated them to others. After what has 
been said I need sc^arcely mention that positively heliotropio 
animals become more energetically j>ositive through coolings 
while negatively heliotropic animals become more energetic- 
ally negative through warming, 

3- The heliotropiam of Polygordius larv® can also be 
influenced by light. This influence consists chiefly in the 
fact that direct sunlight makes positively heliotropic animals 
negative. I did not succeed in making negatively heliotropio 
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larvae positive by exposing them to weak light. I must em- 
phasize the fact that the larvae which I caught during the 
first week did not become negative in direct sunlight ; while 
the larvflB caught during the second week promptly showed 
the effect of the sunlight by becoming negative. I do not 
know what caused this difference. I tried to see now whether 
the same animals, which I was able to make negatively helio- 
tropic in a few moments at ordinary temperature by direct 
sunlight, would still be influenced in the same way as before 
by low temperature. I found that at a temperature he- 
low + 7° C. even the strongest sunlight was not able to 
make the animals negatively heliotropic. (The influence 
of temperature in this case reminds one of the critical tem- 
perature of gases.) It will be necessary to describe these 
experiments in somewhat greater detail. 

Some Polygordius larvae had stood quietly in the north 
room for three days, and had become positively heliotropic. 
I took one portion of the animals and put them into direct 
sunlight. The temperature of the water in the vessel con- 
taining them was 20° C. In order to keep the sun from 
heating the water, the vessel containing the animals was set 
into another large vessel of glass containing sea- water and 
pieces of ice. The water in the outer vessel was kept in 
constant circulation by stirring. Even though the tempera- 
ture in the dish containing the animals, which was exposed 
to direct sunlight, not only did not rise, but even sank a 
little — it fell during the experiment to 15° C. — the animals, 
nevertheless, became all negatively heliotropic in three 
minutes under the influence of the direct sunlight. When 
later I carried the animals back into the north room and 
kept the temperature constant at 15°-16° C, they again 
became positively heliotropic in the course of twenty 
minutes. The sunlight must be very intense in order to 
bring about this effect. If the dish containing the animals 
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is covered with a red or blue glass, the transformation does 
not take place. I tried to discover now whether at a tem- 
peratnreof 7*" C, and less the sunlight would still he able to 
make the positive animals negative. I again took some 
animals which had l>ecome positively heliotropic in the north 
room, and convinced myself first of all that at a constant 
temperature of 20'' C. they would become negatively helio- 
tropic in direct sunlight in a few mimites. I then retnmed 
them to the north room, and here the animals again became 
positively heliotropic at the game tem[>erature in the course 
of fifteen minutes. After this I filled the space between the 
dish containing the animals, and the outer vessel, while still 
in the north room, with ice and salt, and waited until the 
temperature in the dish c^Dntaining the animals had fallen to 
8*^ C, During this procedure the aniniFils had only become 
more intensely positively heliotropic* I now brought the 
entire apparatus into a south room and exposed it to the 
direct sunlights The animals which had been disturbed 
by being carried from room to room at onco moved to the 
window side of the dish when exposed to sunlight. Not one 
animal became negative or indifferent. The temperature 
dropjied to o"" C. The animals remained strongly positively 
heliotropic. I kept the temperature of the water in the 
vessel containing the animals between 5° C. and 3^ C for an 
hour. Greater differences in temi)erature in the dish con- 
taining the animals were preventetl through constant stirring 
of the fluid in the outer vessel. The animals remained posi- 
tively heliotropic j>ermanently. I now allowed the tempera- 
ture of the dish containing the animals to rise rapidly by 
stopping the addition of ice. In tifteen minutes the tem- 
perature reached 7*^ C*, and a few animals had already be- 
come negative at this jjoiut^ In the next fourteen minutes 
the tcmfierature rose to U"^ C, and more than half of the 
animals became negatively heliotropic. Fifteen minutes later. 
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at a temperature of 15° C, the majority of the animals were 
negatively heliotropie. The sunlight, which had before and 
later made the majority of the animals negatively heliotropie 
in a few minutes at a constant temperature of about 15° C, had 
no effect upon the same animals when the temperature was 3- 
7° 0. When I returned the animals to the north room, they 
all again became positively heliotropie, even though the tem- 
perature at the same time rose to 21° C. 

I have repeated these experiments many times, with 
numerous modifications, but always with essentially the same 
result. 

4. Further experiments showed that through an increase 
in the concentration of the sea-water the same results can 
be obtained a^ through a lowering of the temperature. Neg- 
atively heliotropie larvcB become positively heliotropie^ 
and positively heliotropie larvce become still more positive. 
Through a decrease in the concentration of the sea-water 
the same effect is obtained as through an increase in its 
temperature. The positively heliotropie animals become 
negatively heliotropie, and the negatively heliotropie animals 
more strongly negative. 

I prepared four solutions of a higher concentration than 
the sea-water by adding chemically pure sodium chloride to 
the normal sea- water. To each 100 c.c. of sea- water the fol- 
lowing amounts of salt were added: 0.6 g., 1 g., 1.3 g., and 
1.6 g. In order to avoid differences in temperature I allowed 
the solutions, carefully protected from evaporation, to stand 
for a day in the room in which the animals were kept. 
Polygordius larvae which were energetically negatively helio- 
tropie were then distributed into these solutions. The 
majority remained negatively heliotropie in the weakest 
solution, but a few of the animals went to the window side. 
In the next three solutions almost all the animals at once 
became positively heliotropie. In the most concentrated so- 
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lution the animalg at first showed no reaction; they fell to 
the bottom, and remained there as though dead- Later a 
few recovered, which, without exception, were positively 
heliotropic. 

Animals which were already positively heliotropic in 
normal sea- water became more energetically so when intro- 
duced into concentrated sea -water. 

Dilute sea-water made the larvse negatively heliotTopic, 
To three dishes, each containing 100 c.c. of sea- water, were 
added 20, 40, and 60 ex*, reBpectively, of fresh water. All 
the Bolotions were at room temi^erature. Positively helio- 
tropic larvae were distributed in sufficient numbers into these 
three solutions. 

The larvie remained positive in the first solution of 100 
c,c* of sea- water + '20 ex. of fresh water. Only three of the 
thousands of larvas which I had introduced into this solu- 
tion became negatively heliotrupic- In the second solution 
only about half of the animals remained positive, the other 
hfilf at once becoming negatively heliotropic. In the third 
solution of ItX) c.c. of sea -water + 450 c.c. of fresh water the 
animals lay on the bottom for a few minutes without react- 
ing, and then they slowly recovered, and all crept to the 
room side of the vessel. Without exception they all be- 
came negatively heliotropic. Negatively heliotropic animals 
when introduced into the dilutetl sea- water become only 
more strongly negative. 

We muBt ask the question whether the suddenness of the 
chantje in the concentration of the salt solution, or merely 
the fih^olute concentrftimn, determines the change in the heli- 
otropism. In answer it must be said that on the same day, 
and generally also on the next day, there is no change in the 
behavior of the animals when they remain in the same solu- 
tions. But after that changes may occur. It must be kept 
in mind that the amount of water contained in the tissues of 
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an animal is dependent, not only upon the concentration of 
the salt solution in which it lives, but also upon the amount 
of water which is lost by secretion. It is therefore clear 
that in time an adaptation of the animal to the altered con- 
centration of the sea-water may occur. The temperature in 
all these experiments was usually about 20° C. 

5. I tried to see whether it is possible to make animals 
positively heliotropic in a diluted salt solution by lowering 
the temperature. Positively heliotropic larvsB were intro- 
duced into sea-water to which 72 per cent, of fresh water, 
by volume, had been added. At the beginning of the ex- 
periment the temj)erature was 19.5° C. The animals at 
once became negatively heliotropic. I then began to lower 
the temperature. At the same time as a control I subjected 
a number of negatively heliotropic animals contained in 
normal sea-water to the same lowering of temperature. 
When the temperature reached 11° C, a few of the animals 
in normal sea-water became positively heliotropic, and at 
T" C the majority of the animals in normal sea- water 
became positively heliotropic. In the dilute salt solution, 
on the other hand, all the animals remained negatively 
heliotropic. Only they reacted more slowly than the ani- 
mals kept in the normal sea-water. At + 4° C. they also 
remained negatively heliotropic, if they reacted at all ; while 
those kept in the normal sea-water at this temperature were 
very energetically positively heliotropic. When the tem- 
perature again rose, the reactions of the animals in the dilute 
sea- water again became lively, but they, of course, remained 
negatively heliotropic. I have mentioned the fact that ani- 
mals which have been kept several days in dilute sea-water 
may again become positively heliotropic. In such animals 
it was also possible by lowering the temperature to make at 
least a few positively heliotropic. 

6. It is worthy of note that I found the same dependence 
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of heliotropism upon the temi>erature and concentration of 
the &ea-water in marine animals which are far removed in 
the animal scale from the Annelids, namely, Copepoda I 
worked on a series of Ck>|3epods which were always collected 
by the tow net, a number of which, however, are not yet 
classified. The species which was found in largest numbers 
is, according to Dn Bum pus, probably Temora longicornis. 
The freshly caught Cof>epoda were not negatively heliotropic 
at first like the Polygordi us larva» but positively heliotropic; 
the majority of these« however, soon became negatively 
heliotropic. Jarring made them p<jsitively heIiotroi>ic tern* 
pjrarily. They were much less resistant than Polygordius 
larvae. An increase in temperature made the positively 
heliotropio Copepods negativehj heliotropic, and increased 
the negativeness of the Copepods (dready negaiivelt/ kelio- 
tropic. A lowering of the temperaiure made the negative! g 
heliotropic Copepods jyosititye and increased ike jmsitivetiess 
of the posit ivelg heliotropic Copepods. An increo:^e in the 
conamtrfdion of the sea-icater iHcreased the positiveness^ 
and a decrease in concentration increased the negatit^enesSf 
of the Copepods. A few examples may serve to illustrate 
these facts* At +22° G. the C-oiJepocis were fjositively 
heliotropic. In the course of five minutes the temperature 
was raised to 26'' C, when the majority became negative. 
I continued to raise the temperature to B2'' C, but the ani- 
mals remained negative. I then cooletl the water. The 
animals became positive when only 20° O. was reached, and 
remained so while the temperature continued to falL The 
change in the temperature seems to be the im[x>rtant circum- 
stance in Co|je[KKls which changes the sense of heliotropism, 
Tn another experiment the Cofjepods were negative at 24^ C* 
I cooled the vessel rapidly so that the tem[ierature fell to 
2V C; at this [wJint a part of the animals already became 
positively heliotropic. At a temperature of 7*^ C. all had 
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become positively heliotropic. Later, when the temperature 
again rose, they again became negatively heliotropic 

The addition of 80 j>arts of fresh water to 100 parts of 
normal sea- water made positively heliotropic Copepods nega- 
tively heliotropic; the addition of 60 per cent, of fresh water 
made a number of them negative, and a smaller addition 
had little or no eflFect. 

Almost all negative Copepods became positively helio- 
tropic when introduced into sea-water to which 1.5 g. of 
NaCl had been added to each 100 c.c. of sea- water. After 
the detailed description of the behavior of the Polygordius 
larvflB these statements may suffice. 

7. I have already shown in my earlier papers on heliot- 
ropism that there is scarcely a heliotropic reaction in plants 
which cannot also be demonstrated in animals. This fact is 
again corroborated by the phenomena which we have de- 
scribed here. I quote the following from Strassburger's 
well-known investigation on the eflFect of light and heat 
upon swarm spores:* 

When I had [Heematococcus] swarm spores before me which 
had collected, at the ordinary temperature of the room in which 
I worked (16-18° C.) at the positive edge of the drop, I was sure of 
being able to transfer them to the negative side of the drop, at the 
same light intensity, when I exposed the preparation to a tempera- 
ture of about d"" C. At this low temperature almost all of them 
went to the negative edge of the drop. On the other hand, I was 
almost as certain to find the most negatively heliotropic Hsemato- 
coecus swarm spores at the positive edge of the drop when I 
exx)osed the preparation to a temperature of about 35" C. 

Only in the sign of heliotropism is there a difference in 
the eflFect of heat on Heematococcus swarm spores and Poly- 
gordius larvae and Coj)epods. I consider it |X)ssible that 
animals may be found which become negatively heliotropic 
when cooled. Massart ^ found similar phenomena in Flagel- 

1 Jena, 187S, p. 56. 

2 Jean Massart, BuUetin de I 'AcatUmie royale de Beige, Vol. XXII (1891). 
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lates. Chromalina approaches the eouroe of light at 20°, 
but flees from it at 5° C. The eense of geotropism is also 
altered in an entirely analogons way, and we shali see in 
th© next section that a Bimilar resnlt is also obtained m 
Polygordius larvoB. 



lY- DIFFEBENCES I?f THE MANNER OP LOCOMOTION BETWEEN 
POSITrVELY AND NEGATIVELY HELIOTBOPIC ANIMALi^ 

Having seen how certain |x>sitiv6ly heliotropic animals can 
bo made negatively heliotropic, let us ask whether another 
difftTonce, independent of the direction, can be discovered 
in the movement of |>ositivtdy and negatively heliotropic 
animals. Such a question can, of course, be answered only 
in animals which can l>e studied Ixvth in the negatively and 
positively heliotrupic condition* 

The larviö of Lim id us jiolyphemus are positively helio- 
tropic immediately after hatching from the egg* Later they 
are negatively heliotropic. The animals can creep as well 
as swim in all stages of their development» In fact, one can 
observe the animals executing both forms of movement in 
everj^ stage of development. In their heliotropic move- 
ments there ia^ however, a typical and constant difference: 
thr pos*iiivrliß hdioiroph movemenis are always carrwd out 
by Bwimming^ the negniivehj heliotropw by erawHng^ mn- 
{ioiis^ The swimming movemeuts are easy and graceful; the 
walking movements, clumsy. I believed at timt that this 
difference in the manner of movement was dependent chiefly 
ujjon the fact that the ra3's of light fell into the vessel from 
above and without, and that in consequence the positively 
heliotropic animals were attracted to the up|it^r surface, I 
do not believe, however, that this is a complete explanation* 
I had a chance to convince myself in the larva? of Polygordins 
that this difference in the manner of movement between 
positively and negatively heliotropic animals can exist iude- 
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pendently of the light Polygordius larvsB usaally swim at 
the surface of the water when positive, while in their nega- 
tively heliotropic condition they usually creep along the 
bottom. When I introduced a large number of Polygordius 
larvfiB into a eudiometer tube filled with sea-water, and set 
it in a vertical position in a dark room, the larvsB were not 
distributed equally in the tube after some time — in about 
twenty-four hours — but one collection was usually found at 
the surface of the water, and a second at the bottom. If the 
tube was now carefully and suddenly brought to the light, 
all the larvfiB at the surface layer showed themselves to be 
positively heliotropic, while all the larvse at the bottom were 
negatively heliotropic. It could further be easily shown 
that positively heliotropic Polygordius larv8B went to the 
surface of the tube when put into the dark room, while 
negatively heliotropic Polygordius larveB went to the bottom. 
Further, positively heliotropic Polygordius larvsB may, as 
has already been mentioned, be made negatively heliotropic 
by warming. When a eudiometer tube containing Polygor- 
dius larvae at its surface was warmed in a dark room, the 
lar\'8B went to the bottom of the tube. When the tube was 
cooled in the dark room, below 7° C, all the larv8B left the 
bottom and collected at the surface. Both the ascent and 
the descent of the larvae are brought about by active swim- 
ming motions. It seems to me probable that the animal is 
not only heliotropic, but also geotropic, and that the sense 
of geotropism is always changed under the same conditions 
as the sense of heliotropism. Negative geotropism is asso- 
ciated with jK)8itive heliotropism, and positive geotropism 
with negative heliotropism. Nevertheless, this difference 
persists, that the |X)sitively heliotropic animals (which at the 
same time are negatively geotropic) always swim; while the 
negatively heliotropic animals (which are also positively geo- 
tropic) lie or creep upon the bottom, and, it seems to me. 
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also swim less easily. It is, therefore» very jwsöible that a 
more favorable condition for the liberation of energy aceom- 
panies positive heliotropism, while a more diffiüult conditioii 
accompanies negative heliotropism. 

Finally, I shall mention a circumstance which possibly 
belongs to the same group of phenumena, and which first 
led me to investigate the effects of light on animals* Dnring 
hard glacier trips I noticed that the fatigue which set in 
disappeared at once when I removed my snow spectacles and 
exposed my eyes to the full light. On the othur hand, it is 
well known that the intense light of the snow-fields iucreases 
the fatigue when one is exposed to it for a long time. Light 
certainly has something to do with the liljeration of energy% 
either facilitating it or rendering it more difficult; and it 
seems that in certain organisms it may call forth bjth kinds 
of effects under different circumstances. Whether these 
observations have any deeper significance or not is to be 
determined by further exix^riments. 

V. H ELIOT BOPIC AND PHOTOKtKETIO ANIMALS 

1. Huxley states in one of his essays that plants must 
have a nervous system ^ because Darwin observed reactions 
in Drosera which in some points are similar to those in aui* 
mal& In view of the identity of heliotropism in animals and 
plants^ the same reasoning would force os to assume that 
plants possess eyes* The only conclusion, however, which 
may safely bo drawn from these facts is that the eyes owe 
their significance for sight» among other things, to a condi* 
tion which is found also iu the skin of many animals and in 
plants J namely, elements which undergo certain, but at 
present unknown, changes through light. It is not even 
necessary that these elements be everywhere entirely identi- 
cal, either physically, chemically, or morpholngically. As 
is well known, certain elemente are present in out retina 



I 




Transformation op Heliotropio Animals 287 

which move under the influence of light. If heliotropism 
exists in this case, it is possible that its sense varies. The 
difficulties which confront one in investigating this problem 
are greater than in the case of the Polygordius larvse. Even 
though one assumes that certain elements of the retina are 
heliotropic, nevertheless one of the important conditions in 
our sight — namely, the perception of differences in inten- 
sity — cannot possibly be attributed to heliotropic reactions; 
for we saw that heliotropic animals moved not only out of 
the dark into the light, but also in the reverse direction, if 
only the direction of the orienting rays remained the same. 
It is ix)S8ible that the perception of differences in the inten- 
sity of light by our eyes depends upon specific elements of 
the retina which react especially to changes in the intensity 
of the rays of light. Be this as it may, there are certain 
animals which are not, or at least not very markedly, oriented 
by the rays of light; which are, therefore, not outspokenly 
heliotropic, but which react very promptly to differences or, 
more correctly, to changes in the intensity of the light. 
These I will term photokinetic^ animals. A species of the 
fresh-water Planarian, for which I am indebted to Dr. 
Wheeler, is photokinetic. If the animals are put into a 
large dish of water, they creep about in every direction. 
They are not oriented by the light. Yet one observes a dif- 
ference in the behavior of the animals, depending ujxin 
whether they move from regions of more intense light to 
regions of less intensity, or the reverse. A decrease in the 
intensity of the light tends to make the animals come to 
rest, while an increase in the intensity increases their ten- 
dency to move. It thus happens that these animals gradually 
collect in such places in the dish where the intensity of the 
light is a relative minimum. This phenomenon, and at the 
same time the difference in the behavior of such animals 

1 Id Germaii. unterschiedtempfindlich. 
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from the behavior of heliotropic anünalB, are best shown in 
th© followmg experiment: AB (Fig. 6(>) is the plane of the 
window; abc^ the vesHel containing the animals. At one 
point 5c the outer surface of the vessel is made imjjermeable 
to rajB of light by means of black paper. It can easily be 
seen thst at he a small section of the 
circle is not struck bj the rays of light 
falling niKJu it from without. If the 
Planaria at the beginning of the exper- 
iment are brought to the window side 
of the vessel, but so that they are not 
struck by the light, all, or almost all, the 
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animals are found in a few hours, or on the following day, 
under the opaque payjer be where the IntenBity of the illumi- 
nation is leaet. If tlie same experiment is made with nega- 
tively heliotropic Limulus larvse, the larvtB mo%^e to the room 
Bide a of the vessel, and remain there permanently. It is 
clear, tmder these circumstances, that when these PlanariiB 
are left quietly for some days in a cylindrical vesst?l ohrxl 
(Fig. 67), all thö animals finally collect at the two sides c 
and ih as was observed by Dr, Wheeler. Heliotropic animals 
in the same veesel either go immedi- 
ately to the window side a or the room ' 
side & of the vessel, and remain there. 
This mode of reaction to changes in 
the intensity of light occurs probably 
also in angleworms; j>erhaps, too, in 
other animala It is, moreover, pos- 
sible that heliotropism and photokinesis are associated in 
certain animals^ — a subject which I still wish to investigate.* 

I K 0.i Spiroj^raphin spAllntiiuitili. 

I I huij t>ruviuy>iLy notlcecl that id aome An imalsi« which I Hi tlml liitio coOfidpnd 
tm^ntivcly heliülrcipie, the typical heliciLi-iipic eXiwriiDeDt did n^it' ^uoct^ ri^rj wf 11. 
1 jiltribuU^ this to secondary eircuiiiiiiLiinoctü-. 1 miw con5idür it ivrMi^ibJis hawptrf ^ 
thut ihn PXperiTtii^utjj which I dei^rlWdt tat examplti tW^u nu thi« lurviC' of bnntloft« 
inflicat'.* ii^ fiiiieh the «ibtonc^ cjT t*hntnk{ü(!^iiiti a.> uotgatiTt? ht^iotrupbui. I sbftll 
inaku Furlhi,^r i.''X|i«rimQDt» In this fU^^^Ui^ti. 
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2. There are photokinetic animals which react more 
rapidly to changes in the intensity of the light than do 
Planarians. I noticed this form of reaction at Naples in 
certain Annelids living in tubes; for example, Serpula 
nncinata. The gills of the animals are often exposed to the 
light. When the hand is moved between the animals and 
the source of light, they quickly draw back into their tubes 
as soon as they are struck by the shadow. In order to see 
whether positive and negative changes in the intensity of 
the light had the same eflFect, I made the following experi- 
ment: A glass aquarium which was closed by a glass cover 
was set upon an isolated table about 2 m. distant from the 
window. When I closed the shutters rapidly, the worms 
quickly withdrew into their tubes, much as does a snail when 
touched suddenly. The shutters did not close absolutely, 
and it was always light enough in the room to observe the 
animals. After some time the animals would again stretch 
out their gills. When I now suddenly opened the shutters 
quickly, the animals did not react. Even when the animals 
had withdrawn into their tubes, an increase in the intensity 
of the light did not again bring them out. It is therefore 
only the decrease in the intensity of the light which acts as 
a stimulus upon the animals. One notices, however, that 
these reactions cannot always be relied upon. Andrews has 
noticed such reactions also in Annelids whose gills are free 
from eyes or eye-like organs.* 

VI. ON SOME PHYSIOLOGICAL CONDITIONS WHICH DETEB- 
MINB THE DEPTH-DISTBIBÜTION AND DEPTH-MIGBATION 
OF MABINE ANIMALS 

1. Investigations concerning the depth -distribution of 
marine animals seem to show that we meet with a consider- 
able amount of animal life only in two regions of the sea — 

IK A. Andbewb, Journal of Morphology^ Vol. V (1891). 
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at the surface down to a depth of perhaps 4()0 m. and at the 
bottom of the sea. Some of the surface, or pelagic, animals 
show a periodical depth-migration. They come to the sur- 
face at night and move do^^Ti during the daytime* In the 
Mediterranean, Chun found another migration of a greater 
period. Animals which always come to the surface iu win- 
ter, or at least during certain hours of the day, live at greater 
depths in summer. 

The first exiierimental investigations on the cause of 
these depth- migrations were made by Groom and myself, 
and led to the conclusion that in the NanpUi of Balanus per- 
foratus heliotropism alone suffices to account for the fact 
that they rise to the surface at night and move down during 
the day.^ These animals are poBiti%*ely heliotropic to weak 
light, but strong light soon makes them negatively helio- 
tropic- They are, in consequence^ driven into the depths 
during the day from the surface of the water. They can, 
however, not go very deep, as the intensity of the light 
decreases with an increase in the depth of the illuminated 
layer of water, and becomes so weak at a certain depth that 
the Nauplii again become jx^eitivcly heliotropic. They must, 
in consequence, again move toward the surface* As soon^ 
however, as they again come into more intense light, they 
become negative again. It can therefore be easily seen why 
these animals do not go to the bottom of the ocean during 
the day, but are forced to remain in a layer of water which 
ia not too far below the surface. When the light becomes 
weaker toward evening and iu the night, the Nauplii are 
again forced to move to the surface of the water in conse- 
quence of their positive heliotropism- 

2. The question may now be asked whether all animals 
which are found at the surface of the sea are constantly, or 
at least under certain conditions, positively heliDtropic, I 
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have made experiments on the small animals obtained in the 
surface dredgings at Woods Hole, on Copepods, and on the 
larvflB of crustaceans, worms, and molluscs, and have thus far 
been able to find no pelagic animal of these classes which 
is not either permanently^ or at least at times^ positively 
heliotropic} 

3. It would be incorrect, however, to assume that heli- 
otropism is the only condition for the depth-distribution of 
animals. Just as in the vegetable kingdom positive heli- 
otropism and negative geotropism often act together toward 
the same end, we must expect similar conditions in the ani- 
mal kingdom. In a paper on geotropism I have already 
shown that certain starfish and Actinians, which always live 
near the surface of the water, are compelled to creep con- 
stantly upward, owing to a peculiar form of irritability, and 
I have made it probable that this irritability is negative 
geotropism.^ I have since been able to convince myself that 
in certain animals which would be forced by their positive 
heliotropism alone to go to the surface, other conditions are 
at work which co-ojx?rate with heliotropism. This is the 
case, for example, in the freshly hatched larvsB of Loligo. 
These animals are constantly positively heliotropic, and, 
besides, live at the surface of the sea. When these animals 
are introduced into a long eudiometer tube filled with sea- 
water which is set up vertically, they move to the surface of 
the sea-water. As long as the eflFective rays of light fall 
into the tube from above, the positive heliotropism of the 
larvfiB would com|)el them to move upward. I found, how- 
ever, that the animals come to the surface of the water also 
in the dark room. Moreover, when the eudiometer tube is 
exposed to the light, with the upper part of the tube covered 

1 1 have even found a younff pelagic fish at Woods Hole which is as pronouncedly 
positively heliotropic as the insect larvn described in a prece<liuK paper. I was not 
able to ascertain the species to which it belonged. [1903J 

2 Part I, p. 176. 
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with a cap impermeable to light, the animak which are very 
energetically positively helio tropic should not go under the 
dark cap. The latter does, however, actually occur. Hence 
another and more powerful circumstance is at work besides 
the positive heliotropiem, and this might be negative geot* 
^ ropism. The temperature in the 
tube was everywhere the same in 
these experimenta The need for 
oxygen does not compel the animals 
to come to the top in these experi- 
ments, for when the eudiometer tube 
m filled entirely with water, and the 
open end is turned downward into 
a larger vessel filled with water, the animals nevertheless mo%'e 
from this vessel to the cap of the eudiometer^ and remain here 
even though fresh oxygen can reach the animals at this i>oint 
only through diffusion from l^low. The significance of this 
negative geotropism (which I believe it to be) for tho upward 
movement of the LoUgo lar^^j© is shown still more beautifully 
in the following exfmriment; AB {Fig. 68) represents a 
vertical section through the plane of the window; CD is 
a eudiometer tube filled with sea- water and closed with a 
cork. If the lar\'8B at the beginning of the exj^eriment are 
collected at the room side C of the tube, they all move to 
the window side D in consequence of their positive heUot- 
ropism, and remain there- If, on the other hand, the tube 
is so placed that it is at an angle with the horizontal — for 
example, in the position C^D — the larv^ gradually but 
steadily rise by active swimming movements away from the 
window to the elevated end t\ and remain there. They 
therefore leave the window side and go to the room side, in 
spite of their positive heliotropism* To accomplish this the 



angle CjDC must in this case be not smaller than alx)ut 20°.' 

ft ptin^ly phj'flieal t^Jtplt&anlioti of tbb f^xpeirimiMit. [ 1008] 
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Of course, negative geotropism is not so closely linked 
with positive heliotropism in all pelagic animals. If, for 
example, the Copepock mentioned in this paper are intro- 
duced into the eudiometer tube, and the upper end is 
covered with the opaque capsule, the animals also rise in 
the tube when they are positively heliotropic. They do not, 
however, go under the opaque cap, as do the Loligo larvsB, 
but remain at the highest uncovered portion of the tube. 
They therefore move upward entirely, or at least mainly, 
through their positive heliotropism. 

4. The effect of temperature upon the depth-migration 
and depth-distribution of marine animals must yet be 
studied experimentally. We saw that the larvae of Poly- 
gordius are negatively heliotropic and positively geotropic 
at high tem|)eratures, but become positively heliotropic and 
negatively geotropic at lower temperatures. The same trans- 
formation of heliotropism occurs in Copepods. It can 
scarcely be assumed that other animals will not show the 
same phenomenon. In water whose surface reaches a very 
high temperature in summer such animals must disappear 
during that period from the surface, as the high tempera- 
ture makes them negatively heliotropic, and perhaps also 
positively geotropic. The negative heliotropism and posi- 
tive geotropism drive these animals into the depths. As 
soon, however, as they reach cooler layers of water below 
the surface, they again become positively heliotropic and 
negatively geotropic; they must then rise again until they 
have reached the warmer layers of water. Here they soon 
again become negatively heliotropic, and perhaps positively 
geotropic, when they must again sink ; and so on. In this 
way such animals are kept floating at a certain distance 
under the surface of the water during the summer. When, 
however, the temperature becomes suflSciently low in the 
winter, the animals may rise to the surface without becoming 
negatively heliotropic or positively geotropic. 
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Another condition must, however, be taken into con- 
sideration, which may have the effect that animals which 
are constantly positively heliotropic must leave the surface 
of the water at higher temperatures. As is well known, the 
processes of oxidation, and consequently the demand for 
oxygen, rise considerably with an increase in temperature. 
It is natural that when the demand for oxygen exceeds the 
supply, the animal can execute no, or only weak, swimming 
motions, and in consequence falls to the bottom. At any 
rate, the latter can, indeed, be observed at high tempera- 
tures. Loligo larvro which hold themselves at the surface 
by swimming motions sink passively as soon as the tempera- 
ture exceeds 30° C. 

In conclusion I wish to add that I made experiment« on 
most of the animals mentioned in this pai)er with colored 
light, and found a universal confirmation of the fact, which 
I discovered before, that the more strongly refrangible rays 
of the visible spectnmi are the most active heliotropically, 
as in the case of plants. 



IX 

ON THE DEVELOPMENT OF FISH EMBRYOS WITH 
SUPPRESSED CIRCULATION^ 

1. One of the methods which may lead us deeper into the 
physiology of development consists in removing one link in 
the chain of such processes in order to see how the further 
development is influenced by such a step. I recently came 
upon such an experiment, which I wish to detail in the fol- 
lowing pages. The experiment consisted in preventing, by 
a specific cardiac poison, the beat of the heart and the circu- 
lation of the blood in an embryo. I had, indeed, expected 
that under such circumstances the embryo would not die 
immediately, but I did expect that its further development 
would certainly be impossible. In this, however, I was mis- 
taken. Development went on in spite of the elimination of 
the activity of the heart ; in some cases as long as four days 
— which was nearly half, or one-third, of the duration of the 
embryonic stage. The consequences of the elimination of 
the activity of the heart are also in some ways different from 
what one might expect. The observations have not been 
completed on all points because of the lateness of the season 
and lack of material, but I intend to fill in these gaps next 
season. 

The exj^eriments were made upon a marine fish, Fundu- 
lus, which is very common at Woods Hole. The eggs were 
fertilized artificially in normal sea-water. In order to 
prevent the action of the heart and the circulation in the 
developing embryo, the eggs were put, half an hour after 
fertilization, into sea-water to which a suflScient amount of 
potassium chloride had been added. Potassium chloride can 

1 Pflügern Archiv, Vol. LIV (1893), p. 5^ 
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be called a si^ecific cardiac poison only in so far as the heart 
can be brought to a Btaiidstill with a much smaller dose than 
is required to poison the remaining organs of the embryo, 

2. At a temperature of 20'' C, and with a plentiful sup- 
ply of oxygen, the embryofi of Fundulus develop in about 
twelve to fourteen days in normal sea-water. Under these 
conditions the heart begins to beat alxjiit sixty to seventy 
hours after fertilization. If Fundulus embryos four to six 
days old are placed in sea-water to which 1.5 g, of KCl have 
been addt^d to each 1(X) c*c. of sea- water, the heart ceases to 
beat, and death ensues in about one hour, at the outside, 
in all the embryos. That the [xjisonous effect of the potas^ 
slum is not limited to the heart is shown by the fact that the 
embryo becomes exceedingly restless Ijefore the heart ceases 
to beat. An entirely different series of phenomena ensues 
when the Fnodulus eggs are introduced into the same salt 
solution about one-half hour after fertilization. The eggs 
de%*elop in an entirely normal way» the embryos live until 
the fifth or sixth day, and the cramp-like movements do not 
set in. Furthermoi-e, I noticed in a few of these embryos 
very weak and very slow pulsations of the sinus venosus ou 
the third or fourth day. 

This activity of the heart did not, however, appear in all 
the embryos, and when it did appear it did not last long. 
In no casfu howcrcr, wui^ ihe heat of the heart mtffident to 
cause a circulation of the blood. The circulation in the 
yolk-sac of the Fundulus embryo can be demonstrated more 
clearly and easily than the circulation io any of the ordinary 
preparations used for this purjwse. 

In the normal embryo the circulation is very marked, even 
some seventy-five hours after fertilization; but it does not 
matter how long one waits in the case of the embryos poisoned 
by adding 1,5 g* of KCl to each 100 ex, of se« -water — never 
did I succeed in discovering even the slightest indication of 
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a circulation of the blood in the vessels. In spite of this 
fact, a complete circulatory system was developed which did 
not differ markedly, in regard to the direction and the 
branching of the vessels in the embryo and in the yolk-sac, 
from that of a Fnndulus embryo developed in normal sea- 
water. Heaps of red-blood corpuscles were found in the large 
blood-vessels, such as the arteries of the yolk at the point 
where they leave the embryo. 

The important result of these observations is therefore 
the fact that a complete vascular system, which is probably 
identical in its main distribution and in its two vascular 
divisions with that found in the normal embryo, can be 
formed without a circulation, and therefore without blood- 
pressure. A difference between the two, which also deter- 
mines the limit of the possible identity of the vascular sys- 
tems in the normal and abnormal embryos, is found in this, 
that the lumina of the vessels in the poisoned embryo are 
exceedingly irregular. The lumen of a vessel is in extreme 
cases rosary-like, narrow and wide spots alternating with 
each other. This is due to the absence of a suflScient intra- 
vascular pressure. 

3. It might have been possible that a circulation lasting 
only a short time had been present which I did not dis- 
cover. I therefore made experiments with much stronger 
KCl solutions — such in which not even a trace of cardiac 
activity ever appeared. In extreme cases I addded 5 g. of 
KCl to 100 C.C. of sea-water. I had previously ascertained 
that a four-day-old embryo which had developed in normal 
sea-water dies in two minutes in a 3 per cent. KCl solution. 
Nevertheless, the fertilized eggs developed normally in a 5 
per cent. KCl solution. They developed for three to six 
days, and formed — what is of interest to us here — a heart 
and a typical vascular system in the embryo and yolk-sac. 
On the other hand, the development of the embryo as a 
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whole was markedly retarded in this concentrated ealt solu- 
tion, so that a definite jadgment of the vaacular system could 
\w made only so far as the main stems and their branches 
were conceraed. These main etems corresponded with the 
main stems of the normal embryo. Yet I was never able to 
discover even the slightest evidence of a heart-beat, much 
less a circulation. The lack of hydrostatic pressure withiti 
the vessels was particularly evident here from the irregularity 
in the diameter of the blood-vessels; nevertheless, a large 
number of branches, which gradually decreased in caliber, 
sprang from the main vessels. In this case, therefori\ it is 
utiquvi^iionitblf/ true that the process of brmiehing ami the 
growth of the blood-vesseh we independent of hlood-pres* 
sure. 

4. The experiments with weak KCl solutions also deserva 
mention. In a series of experiments I added 0.25 to 0.5 g. 
to 100 C.C. of sea -water J normal development occurred in 
these solutions. The heart- beat and the circulation 
developed apparently normally. The control eggs, which 
had been taken from the same culture, but raised in normal 
Rea- water, completed their development in twelve to sixteen 
days, when the embryos hatched. They lived some four to 
six weeks after escaping from the egg. In the two KCl 
solutions, however, but one embryo, which lived for a day, 
hatched on the twelfth day in the (Id per cent. KCl solution* 
All the remaining embryos died bc^tween the twelfth and 
sixteenth day. Death unquestionably resulted from a 
poisoning of the heart, and not from a general intoxication. 

5. The eKperiments citt*d above show that a KCl solution 
of a definite constitution is the more jMjisonous the older' the 
embryo. One might think that the chemical constitution of 
the individual elements of the heart changes with develop- 
ment; but how can we harmonize with this the fact, which 
has been mentioned abovcj that the heart of a four-to-five- 
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days-old embryo comes to a standstill, and the embryo dies 
immediately (that is, in less than an hour), in a 1.5 per cent. 
KCl solution, while an embryo of the same age which has 
been kept in this solution from the beginning continues to 
live in it, and may even show slight evidences of a heart- 
beat? To say that the embryo adapts itself or becomes 
accustomed to the poison gives us no new view of the ques- 
tion. Might it not be possible that the KCl is the more 
poisonous the greater the work done by the heart in the 
unit of time, and in consequence the greater the chemical 
changes going on in it ? 

According to this, it would be intelligible why a normal 
embryo, when put into a 1.5 per cent. KCl solution, dies 
within a short time, while an equally old embryo which has 
grown up in the poisonous solution is alive at the same time, 
and can even show evidences of a heart-beat. The heart of 
the former beats strongly, while that of the latter works only 
faintly — so faintly, indeed, that the blood does not even 
circulate. The embryo can live in a 0.5 per cent. KCl solu- 
tion as long as no great demand is made upon the activity of 
the heart. As soon as the heart begins to beat more strongly 
at the time of maturity, the embryo dies. This relation of 
the toxicity of the potassium to the development of energy 
in the protoplasm, or rather to the chemical changes deter- 
mining this development of energy, would hold not only for 
the heart, but also for all the other tissues. The entire ques- 
tion could be decided experimentally, if this has not already 
been done. 

6. All the remaining organs, especially the brain, eyes, 
ears, and mesoblastic somites develop in the Fundulus embr}'o 
without a circulation, without apparent anomalies. Only in 
one place, where no one has thus far suspected it, did a depend- 
ence on the circulation show itself in an unexpected way — 
in the marking of the yolk-sac, and possibly (but I wish to 
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make further experiments in this direction) also of the 
embryo. The yolk-sat- of the Fnndulus embryo has a v<?ry 
characteristie tiger- like marking in the second week. Numer- 
ous chromatophores, which contain in part black, in part 
reddish -brown, pigment, develop ou tliü surface of the yolk* 
sac of Fundulns. In the early stages of development, on 
the third day, do definitö relation can be discovered between 
the circulatory system and the ehromatophores. The 
chromatophorea are scattered about irregularly upon the 
blood-vessels, and in the s|>aces between them. As soon as the 
circulation is established, however, the chromatophores begin 
to creep upon the vessels, and in the latter periods of the 
development, from the tenth day on, the chromatophores 
are no longer found in the spaces between the vessels, bot 
have all crept upon them. But that is not all. The chro- 
matophores of the yolk-sac of Fundulus have the character- 
istic amoeboid af^iM^arance as long as they lie in the spaces 
between the vessels. Their diameter in any direction is 
greater than the diameter of an average -sized blood-vessel, 
and much larger than that of the capillaries. As soon as a 
chromatophore has reached a blowl- vessel, however, it 
accommodafes its entire mass to the surface of the l>lo<xi~ 
vessel, so that it finally loses its amceUjid ap|>earance and 
apparently forms only a layer about the blood- vessel. The 
chromatophore cannot leave the surface of the blood-vessel 
after it has once reached it. This relation is most apparent 
where a blood-vessel branches. The chromatophore then 
branches in the same way as the blood-vessel. If the circu- 
lation of the blootl is prevented by the addition of KCl to 
the sea-water, the chromatophores and the blood-vessels 
both develop, but the chromatophores do not creep upon 
the blood-vessela The tiger-like marking of the embryo- 
sac of Pundulus is apjmrently, therefore, a function of the 
circulation, in so far as the chromatophores are com|)elled to 
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spread over the surface of the vessels, in consequence per- 
haps of a chemical stimulus. Whatever may be the cause 
which compels the chromatophores to creep upon the blood- 
vessels, my observations certainly show that the distribution 
of the chromatophores, and therefore the marking of the 
yolk-sac^ is dependent upon the arrangement of the blood- 
vessels. I will not enter upon this point in greater detail 
here, as a separate paper on this subject will appear in the 
Journal of Morphology. I wish only to point out that this 
is the first case, to my knowledge, in which the physiological 
explanation of the marking of an animal organ has been 
found. 

7. Nowhere will the mystic find a richer field of unex- 
plainable purposefulness than in the developmental history 
of the higher animals. In these everything apparently comes 
into being at the right time and at the right spot, as though 
each element knew what role it had to play in the whole. 
The heart also begins to beat, apparently, just at the right 
moment; and I always had the idea — and others will per- 
haps have shared it — that if the activity of the heart were 
interfered with, development would soon cease. Our experi- 
ments, however, show that, if we do not consider the extreme 
cases, the development of an embryo in a KCl solution can 
keep on normally for three days after the formation of the 
heart, even though no circulation is established. This lati- 
tude for the time of the beginning of the heart-beat is, when 
compared with the total time of development, very far from 
the precision expected of a clock-work. 

8. In conclusion I wish to emphasize what seems to have 
been definitely established by these experiments, and what is 
yet to be determined by further experiments. I consider it 
certain that the origin, the pathway, and the branching 
of at least the larger blood-vessels are independent of the 
blood-pressure. For this reason it is possible for a vascular 



302 



Studies m &bneeal Phisiologv 



system, which is identical with the vascular system of the 
normal circulation in the points mentioned, to develop even 

in the absenc« of a circialation. The mechanical causes for 
the growth of the vessel- walls ore, therefore, not to l)e sought 
inside the vascular lumen, but in all or in single cells of the 
vessel-wall The giving off of branches is determined by 
iuteraal causes acting within the cells of the vessel -wall, or 
through stimuli aiiBing in their neigh bo rhood which affect 
these walls as external stimuli affect the formation of stolons 
in Hydroids. It is possible, however, that the angles at 
which the branches arise from the main vessels do not corre* 
spend absolutely with the angles found in normal embryos* 
This point still remains to \ye investigated. Another ques- 
tion which I leave open is whether the circulatory system 
which is formed in the absence of a circulation is closed or 
not; that is, whether the capillary branchings of the arteries 
of the yolk pass over into the capillary I »ranches of the 
veins» Mere morphological study s|>enks in favor of this 
idea, but to settle this jx>int definitely further exjjeriments 
must be made» I consider it as certain that the tiger*like 
marking of the yolk-sac of Fuiidulus is dependent upon 
the vasi.mlar system* 




ON A SIMPLE METHOD OF PRODUCING FROM ONE 
EGG TWO OR MORE EMBRYOS WHICH ARE GROWN 
TOGETHER ' 

1. In the effort to extend my work on heteromorphosis 
to the embryo, I have discovered a simple method of pro- 
ducing at will from a single egg two or more embryos which 
are grown together. My experiments were made on sea- 
urchins, but it is possible that they can be made with just as 
great certainty on every other holoblastic egg. Ten minutes 
after having been artificially fertilized in normal sea-water, 
eggs of Arbacia were introduced into sea-water to which 
100 per cent, of its volume of distilled water had been 
added. The eggs absorbed so much water in the diluted sea- 
water that their membranes burst and part of their proto- 
plasm flowed out. The eggs then consisted of two connected 
spheres of protoplasm (P and Pj , Fig. 69), as the extruded 
drop of protoplasm in consequence of its surface tension 
assumes a spherical form, as does the protoplasm remaining 
behind inside the membrane. As segmentation has not yet 
begun at this time, only one of the two droplets contained a 
nucleus (Fig. 69). When after some time I returned these 
eggs into normal sea-water, each of the two spheres of 
protoplasm developed into an entirely normal and complete 
embryo. 

In many cases the two embryos remained connected. 
More often, however, one of the embryos went to pieces in 
the course of its early development (in about the morula or 
blastula stage); and finally many double embryos were 
gradually separated from each other, in consequence of their 

1 Pflügen Archiv, Vol. LV (1894), p. 525. 
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FIG. 69 



active movements in the blaetula and gastrula stago. Theee 
latter isolated embryos continued their development nor- 
mally. In this way either separate or ''Siamese" twins were 
formed from a single egg. It often happened that a repeated 
outflow of the protoplasm occurred, and then three or even 

a larger nnniber of joined proto- 
I>lasmic axoym were formed from 
one egg. In a number of cases, 
which was by no means small, I 
obtained, in consequence, joined 
triplets or quadruplets, ' I suspect, 
however, that in the gastrula stage 
many of these multiple embrytB are separated from ea(*h 
other through the active movements of the egg, as triplets 
are relatively rare in the pluteus stage. On the other hanil, 
it was a simple matter to obtain double plutei in large num- 
bers* All these double and triple plutei lived as long (alx>ut 
two weeks), and were as well and as complete in their form, 
as the plutei prodüC(:*d from a normal egg, 

2* As has already been mentioned, the eggs were intro* 
duced into the diluted sea- water before the beginning of 
cleavage, and as only one nucleus was present at this time, 
only one of the two drops of protoplasm contained a nncleas* 
Nevertheless, liotli drops develoiR^d into a complete embryo. 
How did the drop of proto[)lasm which was at tirst without 
a nucleus obtain a nucleus? This hap|>ened in a very simple 
way in the course of cleavage* Cleavage did not take place 
in the sea-water which had been diluted 1Ü0 per cent*, but 
as soon as the eggs were returned to the normal sea-water, 
clenvage began. The first line of cleavage was perpendicu- 
lar to the common diameter of both spheres {Fig, 70). The 

1Tb«» facta hiLTo faeeti quc^tioniKi bj one ntitbor oa the b«9b of kiadoqaato 
aod itntx^rrecl experlmonts made by hini. DuriUir my eitjerlme^ntA ott artlflcidl 
^li bo«t*tii?si5 I hAvu bad a eh^nise to t^riif amplir tho slitomeiiU mada in ttU« 
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cleavage sphere then developed in the normal way (Fig. 71), 
and finally a cleavage plane appeared in the extraovate 
(Fig. 72). 

In this way the nucleus becomes distributed through the 
egg. The further development is simple. The external 
form of the double sphere is maintained, while both parts 
divide into smaller cells; each of the two spheres forms a 
separate blastula cavity, which may communicate in certain 
cases, although they do not do this as a rule. The spheres 




FIG. 71 



then continue to develop into gastrulfe and plutei. I wish 
to emphasize especially that both embryos develop from the 
beginning as entire morulae and blastulsB, and that no half- 
formation of any sort appears. In other words, the develop- 
ment goes on as if two independent eggs had been laid side 
by side, or had been glued together, and each had cleaved 
and developed entirely independently of the other. The 
protoplasmic connection of the two double embryos acts, 
however, differently from the way the gluing together of 
two eggs would do, as is evidenced by the deformities in the 
skeletal parts of the two plutei. 

3. I have repeated these experiments with eggs in various 
stages of cleavage. Under these circumstances, also, the 
protoplasm always flows out in such a way that the cells 
remain joined together and double spheres are formed. I 
always obtained the same results, namely, double or multiple 
embryos. Only in the eggs which had developed very far — 
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for examplej stich as were rüpttired in the sixty -four-cell 
Bta^e — did I usually obtain somethiug different, namely, 
abnormally formed skeletons. Nevertheless at times I ob- 
tained nnder these conditions also real ** Siamese" twins, 

4, So far as the theoretical iniportanfe of these experi- 
ments is concertied, the following secerns certain : As the burst- 
ing of the membranes and the flowing out of the protoplasai 
is a purely mechanical process determined by osmotic forces, 
no reason is at hand for assuming that qualitatively or quan- 
titatively the same constituents leave the egg in each case; 
according to direct observation, the opposite seems to occur 
with much more certainty. Nevertheless, the extraovate 
develops into a complete embryo. It follows from this i/iat 
evcrtß part of (he protoplasm can form an entbrt^o. So far 
as the nucleus is concenied, the two spheres obtain entirely 
different constituents of the nuclear substance. Nevertheless, 
they develop in exactly the same way to similar embryos, as 
Driesch has already shown by other methods. Thirdly, my 
experiments show thai the mtmher of emhryoB which can 
arise from an egg is (leiermined by the gt'ometrical form 
ichich rüfj give the. profoplnsm, in so far as each completely 
or almost isolated sphere (or ellipsoid) of pruloplasm deter- 
mines the formation of a sc'parate blastula^ and as the num- 
ber of hlastulae determines the number of embryos. In this 
way I obtained last year double embryos from a normal i-gg 
when I introduced it, in the two-cell stage, into somewhat 
concentrated sea-water for some time, in which it was unable 
to segment further. When I brought such eggs back into 
normal sea- water, each of the two hemispheres broke up into 
several cells at once. The cells of each of the hemispheres 
probably adhered to each other, but not to the cells of the 
other hemisphere, so that an isolation of the two hemispheres 
was obtained in this way. In one egg I obtained double 
blastulie* The method deserves to be worked out more ca^^- 
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fully. Herbst has apparently observed the same thing in 
eggs which he raised in salt solutions which had a qualita- 
tively abnormal constitution. The experiments of Driesch, 
who found that when the separate cleavage cells are isolated 
in the four-cell stage, each of the cleavage cells is still able 
to develop into a completely normal embryo, can also be 
explained in this way. When the mass of the protoplasmic 
sphere becomes too small, the formation of a blastula, of 
course, becomes impossible on geometrical grounds alone, 
for the size of the cells probably does not fall below a certain 
minimal volume during cleavage. 

Even though these experiments can leave no room for 
doubt that an embryo may arise equally well from every part 
of the protoplasm and from every part of the nucleus, as soon 
as these parts are isolated to a certain degree, and can 
assume a spherical or ellipsoid form, the fact nevertheless 
remains that in many eggs conditions are apparently present 
which determine the position of the median plane of the 
embryo and the further orientation of the various parts of 
the egg. These circumstances may, however, be purely sec- 
ondary in character, and may de{)end upon the mass and 
distribution of the nutritive yolk, the position of the micro- 
pyle, and similar secondary conditions. On the other hand, 
my experiments do not seem to agree with the assumption 
that each part of an egg can give rise only to a certain part 
of the embryo. 

5. We must now raise the question whether the forma- 
tion of twins or double embryos in mammals can come about 
in a way similar to that described in these ex|)eriments. 
Driesch isolated individual cleavage spheres by rupturing 
the membrane through shaking. It is probably im[)ossible 
that an egg can be ruptured in this way in the Fallopian 
tubes of a mammal. On the other hand, it may be possible 
that the scheme of my experiments corresponds to natural 
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processes in the formation of twins. For I have found that 
from the moment of the entranve of the spermatozoon into 

the egg the osmotic pressure^ of the egg mereasei^ great Ig. 
If unfertilized eggs are introduced into dilute sea-water, 
their volume increases relatively little. As soon as the si>er- 
matozooii enters the egg, however, or when an egg which 
has just been fertilized is brought into the same salt solution, 
its volume increases very markedly, ae I have determined by 
actual measurements. This fact shows that the spermatozoon 
brings about chemical changes hi the egg which cause an 
ixLcreaae in its osmotic pressure/ I will return to the dis- 
cussion of this fioiut in my more complete description of 
these experiments. 

So far as osmotic pressure is concerned, great differences 
exist between the eggs from one and the same individual. 
Even when the sea- water was only slightly diluted, a small 
percentage of the sea-urchin eggs burst ; and I do not doubt 
that this may occasionally hapi»?n in normal sea- water. 
Whatever may be the actual process in the formation of 
twins from one egg in mammals, it seems probable that all 
multiple formations from one egg are caused primarily 
through complete or partial mechanical, or at least physical, 
division and isolation of the substances of the egg. 

I Or f'A tbei'i its power of nbsfi r blai? Uq a id, [l^J 




XI 

ON THE RELATIVE SENSITIVENESS OF FISH EMBRYOS 
IN VARIOUS STAGES OF DEVELOPMENT TO LACK 
OF OXYGEN AND LOSS OF WATER» 

It is probable that the series of successive changes in 
form which we call the development of an animal embryo is 
accompcmied by a corresponding series of physiological 
changes. While we are well acquainted with the changes in 
form, so far as their mere morphology is concerned, we know 
but little concerning the changes in the physiological reac- 
tions of the embryo in its various stages of development 
It is a well-known fact that the embryo has a greater vital- 
ity than the completely developed animals.' Systematic 
investigations, however, are lacking as to whether this vital- 
ity decreases steadily with the progress of the development 
of the embryo, and as to whether this decrease is the same 
toward diflferent variables. In order to obtain an answer to 
these questions, I studied the relative sensitiveness of the 
fish embryo (Fundulus) to lack of oxygen and loss of water 
in diflferent stages of its development. I found in general 
that the embryo is the more sensitive to lack of oxygen, the 
older it is. Yet the sensitiveness increases more rapidly at 
first than later. On the other hand, the experiments on the 
effect of withdrawal of water gave a totally diflferent result 
The germ of the embryo is much more sensitive to loss of 
water in the first stages of its development [during cleavage 
and before the beginning of the formation of the embryo 
proper) than after the formation of the blastoderm, and 
its sensitiveness decreases with the increase in the deveU 

1 Pflügers Archiv, Vol. LV (1S94), p. 530. 
3 ZuNTZ, PfiiHgen Archiv, Vol. XIV ; and Pflüoeb, ibid, 
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opment of ike embrffo. 
lowing pages. 



The details arts given in the fol- 



I. THE BELATIYE SENSITIVENESS OP THE EMBBYO TO LAÜK 

OF OXYGEN 

1. The fact thftt embryoiiftl development mon stops, and 
that the embryo dies without oxygen, has been shown to be 
tni© 8o often by experiment that it is not necessary to discuss 
it here J I tried to determine, first of all, how long and how 
far development could go in various stages of development 
at the same degree of lack of oxygen ; and, sei^ondlVj how 
long the embryo could remain exposed to the same degree of 
lack of oxygen in different stages of development without 
losing its power of development. The stages of development 
which were studied were the following: (1) the fresldy fer- 
tilized egg; (2) the egg after ihe formation of the blaato 
derm, but before the formation of the embryo, abont twenty- 
four hours after fertilization; (3) the egg after the beginning 
of the formation of the embryo, about forty-eight hours 
after fertilization (the embryo usually had at this time optic 
vesicles in which the lens was just being formed) ; (4) the 
embryo just after the circulation was established, seventy- 
two hours after fertilization; and finally various later stages. 
The egg of Fundulus is esi-iecially well adapted to these ex- 
periments, because it is very tough, develofis fully in the 
aquarium, and the fish hatches in the aquarium. The 
entire period of development takes in summer, at a tempera- 
ture of about 24° C, about twelve to fourteen days. 

The method used in these experiments was similar to that 
of Bunge in his well-known ex[>erimeut8 on the need of 
oxygen in lower animals.'' Al>out 6 c,c. of f>otaseium hy- 
droxitle and pyrogallol are put into a test-tube {according to 
Hempf rs directions). Into this test-tube is introduced a 

I Fi^r tbu lit^mturts on th'i^ ^lubject ^^^e DC^Mica^ PßÜßcrw Arrhtp^ VoL XXXHL 
t BtTNc^E, Zetttcttri/i fur pKjfmoloffische Chemie, VoL XiV, p. WSL 
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Becond smaller one containing the eggs and a little sea-water 
(about 2 to 3 c.c). The outer test-tube is then sealed. By 
putting splinters of glass into the bottom of the outer test- 
tube the smaller test-tube is kept above the surface of the 
pyrogallol. This arrangement allows one to observe the 
eggs, and at the same time to shake the apparatus in order 
to accelerate the absorption of oxygen. In some of the 
experiments the sea-water in which the eggs were con- 
tained was boiled, in others this was not done. The result 
was, however, not very diflferent in the two cases. Lack of 
proper laboratory facilities did not allow me, however, to 
study how rapidly and how completely the oxygen is absorbed 
by the pyrogallol in these experiments. But even if the 
absorption of oxygen was not complete in these experiments, 
it was nevertheless equally incomplete in all the experiments. 
Since we are interested in our experiments only in the relative 
sensitiveness to lack of oxygen, a quantitative determination 
of the oxygen absorbed was not absolutely necessary, if the 
lack of oxygen was only always the same. For the sake of 
brevity, I will designate the apparatus used for the absorp- 
tion of oxygen as an ** oxygen vacuum." The temperature 
was usually 22-24° C. Fundulus eggs require a relatively 
high. temperature for their development. 

2. Some eggs of Fundulus were introduced, one-half 
hour after (artificial) fertilization, into a large number of 
test-tubes from which the oxygen was absorbed by the 
method given above. One of these sealed test-tubes was 
opened at diflferent intervals, and the eggs were compared 
with eggs from the same culture which had remained in 
normal sea-water as a control. It was found that cleavage 
occurred in the oxygen vacuum, and at first even a little more 
rapidly than in normal sea-water. The latter was, however, 
probably only the result of the rise in temjjerature brought 
about in melting the glass for the purpose of sealing the 
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tubes. After twenty-four hours a blastoderm was formed in 
all the eggs contaiDed in the oxygen vacuum. Then, how- 
ever, development stopped entirely, while it continued, of 
course, in normal eea-water. Never was the l>eginning of an 
embryo formed in such a series of experiments in the oxygen 
vacuuni. Development continued in the oxygen vacuum only 
to a ixjint which would have been reached in normal sea- 
watiU" in about fifteen hours. 

An eg^ that ceased to develop in an oxygen vacuum had 
not necessarily lost its jioü^er of development. When 
brought back into normal sea- water, it could continue its 
development -J only it was necessary that the egg had not 
been left too long in the oxygen vacuum. Eggs which were 
introduced into the oxygen vacuum immediately after for- 
tilization could continue their development after they had 
lain for four days in such a vacuum at a temperature of 
22" C- If they remained in the oxygen vacuum longer than 
this, they lost their [xiwer of development for all time. 

In these experiments the eggs were contained in only 2—3 
c,e. of sea- water. One might think that this circumstance 
had affected the result, I therefore made control ex|K»ri- 
ments in which the eggs were kept in just as little sea- 
water, but in the presence of an abundance of oxygen* In 
these experiments the eggs developed in an entirely normal 
way. 

3, In the second series of experiments the eggs remained 
in normal sea-water for the first twenty -four hours after fer- 
tilization, and were then iu trod need into the oxygen vacuum. 
At this time a blastodL^rm, but no embryo, was formed. On 
the next morning an embryo with optic vesicles had formed 
in nearly all these eggs* The development of those eggs 
which remained in tlie oxygen vacuum then came to a stand- 
still, however. Development, therefore, again continued in 
the oxygen vacuum about ub far as a fiiteen-hour develop- 
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ment would have gone in normal sea-water. These eggs 
lost their power of development in the oxygen vacuum 
usually after about forty-eight hours. The maximum that I 
observed in one case was a continuation of development 
after a residence of fifty-five hours in the oxygen vacuum. 
An egg which is introduced into the oxygen vacuum twenty- 
four hours after fertilization loses its power of develop- 
ment much more quickly than an egg which is exposed 
to the same degree of lack of oxygen immediately after 
fertilization. 

If embryos are introduced into the oxygen vacuum forty- 
eight hours after fertilization, the retardation of develop- 
ment becomes more apparent. The formation of the embryo 
has already begun in these eggs, and the next elements in 
the further development of the egg would be the formation 
of pigment and the beginning of the circulation. Pigment 
is indeed formed, though less than normally, but no circula- 
tion is established. After remaining for thirty -two hours in 
the oxygen vacuum, these eggs had lost their power of 
development also. 

Seventy -two hours after fertilization the circulation is 
fully developed in an embryo, when it is left in normally 
aerated sea- water ; when at that time the embryo is placed 
into the oxygen vacuum, in about seven hours the heart- 
beat becomes very weak. When such an egg was returned to 
normal sea- water, however, the heart of the embryo began to 
beat again vigorously almost immediately, at first slowly, 
but then with so rapid an increase in the rate that the num- 
ber of beats became relatively great in a few minutes. These 
eggs lost their power of development in lack of oxygen in 
about twenty-four hours after introduction into the oxygen 
vacuum. In no case did such an egg recover when it had 
remained for forty-eight hours in tbe oxygen vacuum. The 
older the embryo, therefore, the more sensitive it is to lack 
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of oxygen* The young fish which had jaBt hatched from 
the egg were still less resistaüt than the embryog. 

These experimeiits show that the senf^itiveness of the 
embryo to lack of oxygen increases with development. Thb 
increase is vt^ry great at the beginning of development, 8o 
that afour-daj/ old emhnjo, for e^ampk\ has just as goml^ 
or even a better chaucf%for coniintthuj ih development when 
it has remained fur all this time in an oxygeii varnum ihan 
wheti it /loa spetit onl^ the last farti/-eiffht hours in the 
vacnunh This apparently paradoxical result is readily 
explained when we assume that the cells which are formed 
from the egg-cell during the first stages of cleavage are 
different chemically from the cells of the embryo which are 
formed later, so that the latter go to pieces more easily in 
lack of oxygen than tlie former. For this reastm an egg 
which has just been fertilized may still be capable of develop- 
ment when it has spent four days in an oxygen vacuum, 
hecause it has developed only to the point of the formation 
of a blastoderm; while an egg which is introduced into the 
vacuum after the formation of the embryo dies after forty- 
eight hours. We saw also that develo[>ment can go on for 
about fifteen hours in the oxygen vacuum, es|>ecially in the 
first twenty-four hours after fertilization. Whether the 
conclusion can be drawn from this that cleavage can go on 
witliout oxygen, or that the oxygen was not completely 
absorljed in our ex{)eriments^ must \ni determined by further 
experimentö. 

IL THE BELATtVE SENi^lTlVENESS OF FCNDÜLU8 EMB&TOe 

TO LOSS OF WATER* 

The development of the form of an embryo is a funetion 
of processes of celWi vision and growth. Both classes of 
processes are, as in plants, so also in animals, probably a 
function of osmotic processes;- An accurate knowledge of 



I Thci^r* i^X|Mi'rimc<ut<i troro miide iu tht.^ «ummqr of ISirjf At Woods QaLet 
SStwPKrll, p. m. 
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the dependence of processes of development upon the amount 
of water contained in the cells is therefore desirable. 

After some preliminary experiments with sea- water, whose 
concentration differed comparatively little from that of nor- 
mal sea-water, had shown that the Fundnlus egg is most 
remarkably independent of the concentration of the sea- 
water, experiments were made with sea- water to which had 
been added 5, 7.5, 10, and 20 g. of NaCl to each 100 
C.C. of sea- water. Experiments were also made with nor- 
mal sea-water and fresh water as controls. Freshly fer- 
tilized eggs of Fundulus develop perfectly normally in 
fresh water as well as in sea-water to which 5 g. of NaCl 
have been added to each 100 c.c. (that is, 50 g. per liter). 
When 7.5 g. of NaCl were added to each 100 c.c. of sea- 
water, a blastoderm was still formed; but only rarely an 
embryo, and if so the embryo had dwarf dimensions, and its 
development stopped before the optic vesicles were formed. 
In solutions to which 10 per cent. NaCl was added no embryo 
was formed. The segmentation of the eggs started in this 
case also, and occurred at first almost as rapidly as in normal 
sea-water, but it usually ceased at about the thirty-two-cell 
stage. I expected that these eggs would retain their power 
of development for some time after this, similarly to those 
kept in an oxygen vacuum. This was, however, not the case. 
Freshly fertilized eggs of Fundulus lost their power of devel- 
opment permanently after six to ten hours at a temperature 
of about 24° C. in sea-water to which 10 g. of NaCl had been 
added to each 100 c.c. When 20 g. of NaCl are added to 
each 100 c.c. of sea-water, the power of development of 
freshly fertilized eggs was annihilated in about three to four 
hours. The first segmentations, however, took place in such 
eggs. 

When Fundulus eggs are introduced into a 13.5 per cent. 
NaCl solution (or, more accurately, sea-water to which 10 g. 
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of NaCl have been added to each 100 cc), twenty-four 
hours after fertilization (before the beginning of the forma- 
tion of the embryo) not only an embryo is formed in these 
eggSj but the embryo develop« every individual organ; the 
heart-beats and the circulation are established, and the 
embryo shows motions after several days. It lives in this 
concentrated salt solution for ten to fourteen days. Only in 
three [xjints did the development of such embryos differ 
from that in normal sea -water: the embryos grew much more 
slowly in the concentrated sea- water than in normal sea- 
water; secondly, the development of the individual organs 
was somewhat delayed; and, finally, the yolk shrnnk much 
more rapidly than under normal conditions. 

Only a relatively small percentage of the eggs which were 
introduced into concentrated sea-water twenty-four hours 
after fertilization were able to develop. When eggs were 
introduced, however, into the 13.5 jier cent, solution forty- 
eight hours after fertilization, a larger jiercentage developed. 
After ike third or fourth day the eggs could be transfefTed 
from normal sea-water directly into a 27.5 per cent. NaCl 
sohlt ion without interrupting development! Development 
continued for about three or four days. The circulation was 
not interrupted, even though the beat of the heart had 
become somewhat slower. The velocity of development and 
growth was the less the higher the concentration.* 

We see, therefore, that the sensitiveness to loss of water 
is incomparably greater during the early period of segmenta* 
tion of the Fundulus embryo than later, and that even then 
the sensitiveness decreases somewhat with progressive devel* 
opmeut. The following exj^eriment is suited to show the 
great difference in the sensitiveness before and after the for- 

ith^m expcrlmeuia maj perbiip^ Ond their f^XfilatintiOD on the assumption that 
nftrir tweaty^-fimi" hfiura tbe permeabiUty t^F lii» f^ji or tLu ^riii-cell£ ia duntnishvd, 
find lintnoe tht^ NaCl catiDot longor outAf faal enotMr^i in BtLffljeincit eoa^tilf atioti to 
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mation of the blastoderm. Some eggs were introduced into 
the 13.5 per cent, solution one hour after fertilization; after 
five hours' cleavage had gone on in these eggs to about the 
thirty-two-cell stage. Half of these eggs were then returned 
to normal sea-water, while the remainder were left in the 
concentrated solutions. Three hours later the latter had lost 
their power of development, with the exception of three 
among hundreds of specimens. The other portion of the 
eggs, after having remained for eighteen hours in normal sea- 
water, were returned again to the 13.5 per cent. NaCl solu- 
tion. A large percentage of these eggs formed embryos 
which remained alive in this concentrated solution for more 
than a week. 

A remarkable phenomenon was observed in the embryos 
which developed in the very concentrated solutions; namely, 
that the maximum concentration of the sea- water in which the 
embryo is able to develop completely is much higher than the 
maximum of the solution in which the fully developed embryo 
is able to haich from the egg. When normal Fundulus em- 
bryos are introduced in the second week of their development, 
into sea- water to which 10 per cent. NaCl was added they con- 
tinue their development, but they do not hatch, but die 
within the egg. This phenomenon shows itself still more defi- 
nitely when more dilute solutions are used. If 5 g. of NaCl 
are added to 100 c.c. of sea- water, the embryos develop in a 
normal way in this solution, and remain alive for more than 
five weeks without hatching. If, however, the eggs are intro- 
duced into normal sea-water as soon as the embryo is fully 
developed (after about two or three weeks), the embryo 
hatches in one or two daya This fact may be connected in 
some way with the fact that the fish which has just hatched 
is more sensitive to the concentrated sea-water than the two- 
day-old embryo. The former dies in a 13.5 per cent. NaCl 
solution in less than twenty-four hours. It can live, how- 
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ever, in a 0.5 per cent, solution. In fresh water the embryos 
hatch jußt as rapidly as in Bormal sea-iyater. The fish is 
able to live in fresh water. 

I know of no other animal which is able to stand such 
great and sudden variations in the concentration_of the eea- 
water as the Fnndulus embryo. The question might arise 
whether tliis depends uixin a peculiar characteristic of the 
egg membraae or tlie protoplasm. It can lie shown that the 
protoplasm is relatively insensitive to variations in concen- 
tration, while diffusion through the egg membrane occurs 
very promptly. In order to prove the latter I have to call 
attention to my earlier exj>eriments on the action of KCl 
upon the Fundulus embryo./ The addition of 3 g. of KCl 
in 100 c.c. of sea-water brought the heart of one of the older 
Fundulus embryos to a standstill in a minute, A consider- 
able amount of this salt must, therefore, diffuse throxigh the 
egg membrane in a very short time. That the protoplasm is 
very insensitive to variations in concentration can be shown 
on the spermatozoa. I convinced myself, first of all, of the 
fact that the unfertilissöd Fundulus egg can form neither an 
embryo nor segment. I then introduct^d eggs, under bac- 
teriological precautions, into sea-water to which 5 g. of NaCl 
had been added to 101) c,c, ^Tien I added spermatozoa to 
BO concentrated a solution, the eggs develoi^ed as in normal 
sea-water. The movements and the power of fertilisation of 
the spermatozoa must, therefore, be retained in such a solu- 
tion. The spermatozoa also retain their power of fertiliza- 
tion in fresh water. I believe also that they still [>enetrated 
the egg in a 13» 5 per cent, solution. I neglected, however, 
to follow this es[)eriment more accurately, and so must leave 
this fact undecided for the time being. The fact that the 
ßpermatoEöon retains its functions in an 8,5 per cent, KaCl 
Bolution is sufficient, however, to show that the independenoe 

1 Part I, pp. 297, 29ft. 
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of the Fundulus embryo to rapid and great variations in the 
concentration of the sea-water must rest (at least partly 
[1903]) npon properties of the germ-plasm. 

I will not try to say, however, what condition determines 
that the sensitiveness to loss of water is much greater during 
the process of cleavage than during the formation of the 
embryo. 

III. CONCLUDING BEMABK8 

The experiments which have just been detailed were made 
with a view to obtaining further data for a theory of embry- 
onal organization, or — as this is ordinarily termed — for a 
theory of heredity. It seems to me that some of these 
theories — for example,Weissmann'stheory of determinants — 
assume more for the germ-plasm than it contains. According 
to this theory, things are already definitely determined in 
the germ-plasm which, to my mind, are functions of circum- 
stances that first make their appearance in much later stages 
of development. To give an example: According to the 
theory of determinants, one would have to imagine that the 
marking of the yolk-sac of Fundulus is already prearranged 
by the spatial grouping of the determinants in the germ- 
plasm which are responsible for the marking, while I found 
that the marking is produced by the protoplasm of the chro- 
matophores being compelled through its "chemotropism" to 
spread over the surface of the blood-vessels. The formation 
of blood-vessels, as well as the formation of pigment-cells, 
may perhaps be traced back to the original germ, but the 
spatial arrangement of the pigment-cell is, as we have seen, 
the effect of a stimulus which the fully developed vessels, or 
rather the blood which they contain, exercises upon the fully 
developed chromatophores. These facts led me to the idea 
that the chemical circumstances determining organization 
do not all exist ready -formed in the germ-plasm, but arise 
gradually in the different stages of development The 



820 Studies in Genebal Physiology 

development of an embryo would, according to this, be in a 
physiologico-chemical sense an epigenesis and no evolution. 
In order to test this idea, I made experiments on the rela- 
tive sensitiveness of the embryo in the various stages of its 
development I thought that sudden changes in the sensi- 
tiveness during the transition from one developmental stage 
to another would speak for epigenesis. Such a change in 
reaction was, indeed, found in the experiments on loss of 
water. 

I have begun experiments similar to those on Fundulus 
on Perca fluviatilis. The physiological reactions of the 
embryo of Perca are, however, very different from those of 
Fundulus, as was to be expected from the beginning 



XII 
ON THE LIMITS OF DIVISIBILITY OF LIVING MATTER' 

1. The progress which has been made in physics and 
chemistry as the result of our modem conceptions of mole- 
cules and atoms suggests the possibility that a more definite 
insight into the limits of divisibility of living matter might 
also be of importance for the development of physiology. 
As a criterion for '* living matter" we might use the irrita- 
bility or spontaneity. But as the "spontaneity" of living 
matter is in its simplest form (in Amoebae) apparently not 
different from the physical phenomenon of spreading, for 
this criterion the limits of divisibility of living matter coin- 
cide with the limits of this purely physical phenomenon. 
But spontaneity is neither the deepest nor the most essential 
life-phenomenon; development — or, in other words, growth, 
organization, and reproduction — occupies this place. If we 
ask how the ultimate elements of living matter are con- 
stituted which still possess the specific morphogenetic prop- 
erties, the excellent papers of Nussbaum give us a qualitative 
answer. This investigator found in experiments on the 
divisibility of an Infusorian, G-astrostyla, that only such 
pieces are able to regenerate into a complete animal as con- 
tain nuclear material. 

For the preservation of an Infusorian it is immaterial whether 
it is divided longitudinally, transversely, or obliquely; if only a 
portion of the nucleus is retained, the fragment regenerates intoits 
original form in less than twenty-four hoiu^, depending upon the 
temperature. As soon as twenty minutes after division the cut 
edges form new cilia, and upon the following day each of the 
pieces containing nuclear material possesses from four to six nuclei 
and nucleoli, and all the ciliary appendages characteristic of the 
species.^ 

1 Pflügen Archiv, Vol. LIX (1894), p. 379. 

S Nüssbaum, Archiv für mikroskopische Anatomiej Vol. XXVI, p. 5U. 
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A piece without the nucleus "cannot develop into the 
form characteristic of the speciea, and growth does not 
take place/' Yet a piece without the niicleuB, as Nuss- 
baum found, can move for a long time; nuclear substance 
is, therefore, not necessary for ^'activity'' or *'s{xjntaneity/' 
Nussbamn draws the following conclusions from his ex- 
periments; 

(1) Nucleus and protoplasm can live only when united; isolated 
they dip after a longer or shorter time* (2) For the inauitenauc*^ of 
the nioi*phogenetic energy of a cell the nucleus is itidi.spensable. 
(3) Each of the energies produced by a cell depends upon a sub- 
stratum that cim be divided. 

If I understand Nussbaum correctly, the latter statement 
means that a part of the nucleus and of the protoplasm 
is sufficient to nmder possible all the life-phenomena of 
the cell- 
Finally, I wif^h to quote also the following from the 
work of Nussbaum I 

The eell is not the ultimate pb j^iologic unit^ even thoui^^h it 
must remain such for the morphologist* We are, however, not able to 
tell how far tk* divisibility of a cell gtms, and bow we can determine 
the limit tbeoretically. Yet for the present it will l>e well uot to 
apply to living matter the concept ions of atom and molecule, which 
are well defined in physics and chemistry. The notion mict4la 
introduced by Nägel i might also lead to ditficulties, as the prop* 
erties of liviug matter are Imsed upon lK>th nucleus and proto- 
plasm The cell consecpiently represents a multiple of 

individuals, (P. 5220 

The conception which we must therefore form of the 
nature of the simplest elements of living matter capable 
of development is this, that it consistB of a system of at 
least two different substances, of which the one Is con- 
tained only in the nucleus and the other only in the proto- 
plasm. The experiments of Nussbaum have \yeen rej^eated 
and amplihed by a large number of careful observers. 
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Nussbaum's observations and conclusions were, so far as I 
know, corroborated in every particular. 

2. In all these experiments the answer as to the quanti- 
tative limits of the divisibility of living matter has not 
been obtained. It is of great importance, however, to have 
a clear idea of how large the smallest piece of nucleus and 
protoplasm is that is capable of development. Is it of the 
order of magnitude of two or more micellae, or is it of the 
order of magnitude of a considerable fragment of the cell? 
I have tried to obtain an answer to this question in the sea- 
urchin egg. Pflüger has stated already that the egg which 
had been considered as a unit can give rise to many indi- 
viduals." The experiments of Driesch, which we shall men- 
tion immediately, and my own experiments on the produc- 
tion of double and multiple embryos from a single egg^ 
correspond with the views of Pflüger. The question, there- 
fore, naturally arose as to haw many embryos can arise from 
an egg, and to determine in this way the limits of the divisi- 
bility for one kind of living matter ; namely, the egg. The 
simplest way of determining what fraction of the substance 
of the sea-urchin egg is still able to develop into a normal 
embryo seems at first sight to be that in which one of the 
cells of the egg in various stages of cleavage is isolated, 
and the last stage in which a single cell is still able to 
develop into a pluteus is determined. (The eggs cannot 
usually be kept beyond the pluteus stage in an aquarium.) 
The cleavage cells become smaller as cleavage progresses 
and the number of cells increases into which the egg divides. 
In another connection Driesch has shown that one of the 
cells from the four-cell stage of the sea-urchin egg is 
still able to develop into a pluteus.* For our purposes, 
however, the methods and results of Driesch cannot be un- 

1 Pflügen Archiv, Vol. XXXII, p. 562. 

2 Dki£8CH, Zeitschrift für witaentcKaftUche Zoologie, Vol. LV, pp. 5 ff. 
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reservedly employed, as it is qnestioiiable whether one of the 
cells of the eight- or sixteen-ceU stage can really b© con- 
sidered as identical with the eighth or Bixteeuth part of 
the tmaegmented egg. It is fKJSsible that through the 
process of segmentation the substance of the egg is sejia- 
rated into unhomogeneous parts. It is further possible 
that the metabolism during segmentation changes the 
material cuntained in the various cleavage cells unequally. 
This migltt result, for example, in this, that one of the cells 
of the eight-cell stage would no longer be able to develop 
into a complete embryo, while one-eighth of the same egg 
before chavui/f might have been able tu form a complete 
embryo. A short time ago I published a method which 
enables us toclivide the tinsegmented fertilized egg into small 
pieces capable of development,* The methfxl consists in 
bringing the sea-urchin eggs, after fertilization, into sea- 
water which has been diluted through the addition of 100 
per cent, of its volume of distilled water. The contents 
of the egg absorb water rapidly, and the thin egg-membrane 
ruptures at one or more points; a portion of the proto- 
plasm flows out of these ruptures, which assumes a spheri- 
cal form, and usually remains connected with the egg* 
(Fig, 74) When the eggs are returned to normal sea- 
water, they begin to segment, the extraovate as well as the 
protoplasm which has remained in the egg form separate 
blastulse, and twins result from the egg» These may 
either remain attached to each other or separate later on. 
The latter usually occurs. It is jx^ssible, however, that 
not only two but several protoplasmic drops may exude 
from the ^ggi and in this way m*.iro than two embryos may 
develop from one egg* Finally, iu some cases where only 
one extraovate exists, a se[)aration of groups of cells may 
occur during segmentation which leads to the production of 



1 Pßa^rt Archie, Vol. LV; und Biological Lecfurm Deiivered ai WoodM B6üi 
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more than two embryos from an egg. If the eggs are made 
to burst before segmentation begins, only one nucleus is 
present, and in consequence either the contents of the egg 
or the extraovate must be without a nucleus. I have already 
mentioned in my earlier papers that in the course of the 
segmentation nuclear material gets into that portion of the 
protoplasm which was originally free from it. Occasionally 
the extraovate is cut oflF before nuclear division occurs. 
Nevertheless, cleavage occurs. From the observations of O. 
and R. Hertwig and of Boveri we may assume that in these 
cases a spermatozoon has entered the protoplasm. The 
nuclear material which is introduced in this way suffices to 
inaugurate the process of cleavage. 

3. In these experiments it is natural, of course, that the 
extraovate, as a rule, does not contain exactly one-half the 
mass of the egg. Those cases in which the extraovate and 
the contents of the egg diflFer greatly in size are well adapted 
to decide how large an amount of the egg-substance is just 
sufficient to give rise to a normal pluteus. I followed the 
development of selected individual eggs with their extra- 
ovates in a drop of water contained in a moist chamber. I 
also examined very carefully from day to day cultures of 
such eggs kept in large vessels, and determined the size of 
the smallest plutei. Finally, I studied also from day to day 
the fate of these small fragments. The results of these ob- 
servations, which I pursued uninterruptedly for two months 
last year and again for two months this year, were very defi- 
nite, and may be expressed as follows: 

a) The smallest normal plutei which arose from fragments 
of an egg were linearly about half the size of the plutei aris- 
ing from a whole egg of the same culture. Their volume — 
their density being considered the same — was therefore about 
one-eighth of that of a normal pluteus. 

b) Smaller fragments of an egg than these developed into 
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biastnlm and reached the gastmla stage later than the larv® 
formed from entire eggs. In the most favorable case irregu- 
lar precipitates of calcium salts were formed^ but the ch angles 
of form charactt'ristic of the plutetm stage 
did not occur. These mousters did not 
develop beyond the spherical form of the 





FIG, 7^ 




FIO* 74 

gastmla. They lived, however, as long as the normal 
plutei, and, so far as motility was concerned, were comparable 
to normal embryos, 

4. I will now enter upon thesp observations in somewhat 
greater detail, and will use for this pur{x>Be n series of draw- 
ings, all of which were made with the camera lu(*itla at about 
the same magnification. Fig, 73 gives the form of a normal 
fertiliztKl egg with its membrane. Fig, 74 gives the form of 
an egg with the estraovate E which has burst in sea-water, I 
have described, in a former paper, the first processes of 
cleavage which occur in such an egg. W© will now follow 
the development of multiple embryos from ench an egg. Fig. 
75 Blitjws a Inirsted egg in the twelve-cell stage. It can be 
seen that th© micromeres form a bridge Ijetween the extrao- 
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vate and the egg. Four hours later this egg was in the 
condition shown in Fig. 76. The cleavage cells lying within 
the egg in Fig. 73 have developed into the blastula c. The 
micromeres and the large cells inclosed between them in Fig. 
75 have developed into a misshapen mass of cells d in Fig. 
76 ; each two of the four large cells of the extraovate have led 
to the development of the separate blastul» a and 6, so that 
we obtained from this one egg three blastulse and a mass of 




FIG. 77 



fig. 78 



shapeless cells.' Fig. 77 shows the same egg twenty-four 
hours later. The largest of the blastulse c, which has remained 
within the egg-membrane, has develoi)ed into a gastrula, 
while the two smaller blastulsö a and 6, which have remained 
outside the egg, have developed no further. A short time 
after this drawing was made all four pieces began to swim 
about in the drop. The formation of the blastula therefore 
occurred at the same rate in the smaller masses as in the 
larger one. I may add that it also occurred at the same rate 
as in the eggs whose membrane had not burst. One notices, 
of course, that eggs which are placed into dilute sea-water, 
and consequently go into *'watcr rigor," do not all recover 
and begin to segment at the same time after they are returned 
to normal sea- water. Under these conditions an extraovate 

» It ofton happonod that the cells of the extraovate formed not one, but two or 
more, blastula». The slidinfjr motions of the cells are not restricted in the extraovate, 
and can therefore lead to various groupings of the cell-masses. Inside of the effsr- 
membrane this origin of twins also occurs, but more rarely. The membrane restricts 
the sliding motions of the cells. I shall discuss this question in greater detail later 
in a paper on the formation of double embryos. 
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maj begin to segment somewhat later than the rest of the 
egg. The influence of the quantity of the egg- substance 
upon the formation of the gastnila is, however, an nnqnes- 
tionable one. The substance which remained within the egg 
has developed in Fig, 77, twenty-four liours after fertiliza- 
tion, to the gastrula stage. According to Fig. 75, its mass 
is about twice as great as that of each of the two blastulfiB 
which arose from the eattrauvate, and which at this time had 
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not yet reached the gastrula stage. I have oliserved this 
over and over again ; as, for example, in Fig. 78, where the 
small extraovate b has formed a b last u hi, while the rest of 
the egg a has formed a gastrula. The cultures kept in a 
drop of water always died in the course of the second or 
third day. The large pieces reached the pi u tens stage dur- 
ing this time, while the smaller pieces remainetl in the blas- 
tula or gastrula stage. In order to follow the further fate of 
these small fragments of the egg after the second or third 
day, I had to rely on the material from the cultures ke[>t in 
the larger dishes. Figs. 71*^83 represent the relation between 
mass and development in a culture two days old. Fig. 73 
shows the size of a fertilized but undeveloped egg uf this 
culture two days old ; Fig. 79, the size of a plnteus that had 
develojjed from an entire egg, which, however, had Ix^n 
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subjected to the same treatment with dilute sea-water as the 
pieces which are about to be described. Fig. 80 is a double 
embryo which had arisen from a bursted egg. The two 
embryos are unequal in size, and the larger is ahead of the 
smaller in development in so far as a deposition of needles of 
calcium carbonate has 
begun in the latter. 
Both, however, are 
less developed than 
the pluteus which has 
arisen from a whole 
egg. Fig. 81 arose 
from a fragment 
which was smaller 
than half the egg of 
Fig. 73. It is an 
early gastrula stage. 
Figs. 82 and 83 are 
still smaller frag- 
ments of an egg, 
which have, however, 
reached only the blas- 
tula stage. These ex- 
amples are not 
especially selected, 
but they represent 
only what the observ- 
er will find in any sample from such a culture. 

Do these small pieces develop to the pluteus stage? Two 
days later I found the conditions in this culture as shown in 
Figs. 84-87. Fig. 84 is one of the smallest fragments living 
at this time. It is only a blastula. Fig. 85 represents a 
larger piece in the gastrula stage, but without any evidence 
of a skeleton. Fig. 86 shows the smallest pluteus; Fig. 87, 
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a medium-BiÄed plutens vrhieh arose from a whole egg* If 
the linear dimensions of both plntei are compared, we find 
that they are about in the relation of one to two, which at 
equal density would correspond to a relation of their masses of 
one to eight. The smaller fragments generally do not go 
into a normal pluteus stage, but form only irregular needles 
of calcium salts, retaining, however, the spherical shape of 
the young gastrula. Figs* 88 and 89 j for example, are such 
gastrulje 6ve days old from the 
culture ander discussion. Pig. 90 
is a smallest pluteus of the same 
age. These gastmlaa with skeletal 
needles may grow, but tht^ir exter 
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nal form usually remains unchanged, and the skeleton remains 
abnormal Finally, I should like to add a few words regard- 
ing the fate of such misshajien heaps of cells as shown in 
Fig. 7ß<i. Their outer surface forms cilia, like that of nor- 
mal embryos, and like the latter they move with great 
rapidity in the aquarium; they seem to live as long as the 
jilutei. These groups of cells represent free-swimming 
tumors, teratomas, which have arisen because of sliding 
motions of cells which could occur on a larger scale on 
account of the lack of a membrane» 

5. We have seen, therefore, that the smallest pinteus with 
normal shajie w*hich arose from a fragment of an egg had 
a^Kiut one*eighth the volume of the normal average-sized 
jilutt'us which spraag from an entire egg, I may add that 
I have never observed smaller normal plutei thaji this. In 
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determining the limits of divisibility of living matter, it is of 
importance to decide whether such a pluteus arises from a 
piece of an egg the mass of which amounts also to one- 
eighth of that of the total egg. We must therefore know 
whether the embryos originating from fragments of an egg 
grow more rapidly or more slowly than those which arise 
from an entire egg. Now, as I have mentioned before, it is 
a general rule that the smallest pieces after having attained 
the blastula stage develop less rapidly than those which are 
formed from an entire egg. In my earlier experiments on 
growth and regeneration in Tubularia I found that develop- 
ment and growth are functions of the same variables; there 
can be no doubt that to a certain extent development is only 
a function of growth. It is therefore probable that the 
embryo arising from a small fragment of an egg grows less 
rapidly than that arising from an entire egg. It is therefore 
also probable that a pluteus the mass of which amounts to 
only one-eighth of that of a normal pluteus has developed 
from a fragment of an egg which contained more than one- 
eighth of the substance of the entire egg. I will, however, 
not deny the possibility that a later observer may perhaps 
find a still smaller pluteus, even though the large number of 
my experiments renders this scarcely probable." But I 
believe that even in such a case the limit which I have given 
will suffer no great reduction. The divisibility of the egg is 
therefore very limited, if one demands that the fragment 
shall develop into a pluteus. 

6. So far as my present experiments are concerned, I am 
not yet able to say where the limits of divisibility lie, when 
it is only required that the piece develop into a blastula. 
The tiniest pieces of isolated egg-protoplasm still divided if 

1 BoTeri has siaoe stated that he fonnd a plutnus who:»« linear dimensions were 
only one-third of those of a normal pluteus of the same culture. But as a slight 
retardation iu the growth of the arms may easily lead to such a result, I think that, 
on the whole, the limits obseryed by mo in many exiierimcnts will bo nearer the truth 
than the one exceptional observation made by Boyeri. [ 1903] 
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they contained nuclear substance. So far as I was able to 
see, very small pieces developed into blastnlaa. It is prob- 
able, therefore, that the egg can be divided much further 
when we wish only blastuUe to develop than when we wish 
the fragments to reach tht^ plutens stage. It seems prob- 
able, however, from my observations, that the blastula must 
have attained a certain t^izo before it is able to develop into 
a gastrula, eo that the limit for the amount of egg material 
necessary for development into the gastmla stage is probably 
greater than that ueeeRsary for the development of a blastula, 
7. We can here, in passing, answer a question which we 
have touched u[K)n before, but which does not necessarily 
belong to our subject, namely : Do qualitative changes of a 
sufficiently profound nature occur in the cells during seg- 
mentation (bedsides the mere increase in their number), 
which interfere with the divisibility of the egg? As has 
been »aid, Driesch was able to c^mvince himself that an iso- 
lated cell of the four-cell stage could still develop into a 
pluteus; but this seems not to have been possible when he 
isolated one of the cells from the eight-cell stage. He 
attributed this, very correctly, to the amount of sulifitance 
present. Others, however, were inclined to conclude from 
such experiments that in the eight-cell stage the differentia- 
tion in the individual cells had progressed so far that they 
could give rise only to itidividual tissues, but not to entire 
embryos. But it is apparent that the limits of divisibility 
of the egg in Driesch's experiments harmonise with those 
found in my own. If, therefore, one of the cells from the 
eight-cell stage is no longer able to devc4op into an entire 
embryo, this is to be attributed to the fact, as shown by my 
experiments» that the amount of material present in one cell 
in this stage does not suffice to form a pluteus. Besides 
this, of course, a differentiation might have occurred in the 
cells. I have made exjieriments which show that this canui>t 
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be the case to a sufficient extent to interfere with the devel- 
opment. Fertilized eggs of Arbacia were kept in normal 
sea-water until they had reached the eight-, sixteen-, and 
thirty-two-cell stages, when the eggs were put into water 
which had been diluted to a sufficient extent. The mem- 
brane burst, and a portion of the egg contents flowed out, as 
in the case of the unfertilized egg, only with this difference, 
that in this case the extraovate consisted of a larger number 
of cells. Nevertheless, the result was the same as in eggs 
which were made to burst before cleavage had begun. When 
the separated pieces were sufficiently large — greater than 
one-eighth of the entire mass of the egg — they developed 
into a pluteus; when they were smaller than this, they 
reached only the gastrula or blastula stage. If a differen- 
tiation had occurred in the eight-cell stage, so that the 
individual cells could give rise only to certain tissues, or- 
gans, or regions of the body, we would expect that, when 
only about eight of the cells from an egg in the thirty-two- 
cell stage were separated from the main mass, we should 
obtain only a conglomeration of different fragments of tis- 
sues, organs, etc., but not an entire embryo, which is, how- 
ever, not the case. It may also happen, as I have just 
mentioned in the case of the uncleaved eggs, that the cells 
in their sliding motions distribute themselves so that they 
do not form a blastula ; but this does not occur of tener in 
these eggs than in those which were ruptured before cleav- 
age began. 

8. After this digression we will return to our main 
theme, and ask the question whether it makes any difference 
what portion of the protoplasm is cut out of an egg. It 
might be that the egg is not completely isotropic. The 
protoplasm always begins to flow out at the point at which 
the membrane is ruptured. It can easily be shown, how- 
ever, that the seat of the rupture may be at any point in the 
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cell-membrane, and that it certainly haB no rBlation to the 
orientation of the first cleavage plane. For when we first 
allow the eggs to develop in ordinary sea-water into the two- 
cell stage before bringing them into dilute sea- water, it can 
be noticed that the first cleavage plane may lie in any posU 
tion with reganl to the point of rap- 
ture; the material lying nearest the 
rupture will he that which flows out. 
Figs. 91-94 are drawings of eggs 
the raembranefl of which were made 
to rupture in the two-cell stage, and 
which ilhistrate what has been said 
^^^" ^ more clearly than words. Bine© the 

extraovate de%'elops in all cases, if it is only sufficiently large, 
we must conclude that, s^o far as the qun^fion of fiiriififHh'tg 
is concerfwd, the protoplasm must be considered an isotropic 
snl^tance, 

9, What conceptions can we form of the nature of the 
smallest elements of living matter which are capable of 
development ? As Kussbaum has shown, every attempt that 
has been made of assuming as the ulti- 
naatti elements of living matter some- 
thiog analogous to the atom and the 
molecule has failed, for the simjile rea- 
son that two different substances, nucleus 
and protoplasm, are necessary- On© 
might assume that a combination of two 
different "mice 11©^'- — one eomf>osed of 
nuclear material, the other of proto- ^^i*^- '*'- 

plasm — ^ might represent the smallest living element. Our 
ex]>eriments show that such an idea would be entirely wrong, 
when full capacity for development is taken as the criterion 
of living matter, inasmuch as a very considerable quantity 
of substance is necessary for full development — an amount 
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which, according to our experiments, is not far removed 
from the limits of macroscopic visibility. I have empha- 
sized the fact that for geometrical reasons alone a certain 
amount of substance must be present before it is possible to 
form a pluteus. But the lowest limit actually found is 
reached very much earlier than that re- 
quired from geometrical considerations 
alone. Since it has been demonstrated 
that the ultimate source of all energy for 
life-phenomena is of a chemical nature, 
we must conclude from our experiments 
that the ultimate unit of living matter 
is such a quantity of substance as is 
capable of developing that amount of 
energy which is necessary for that life- 
phenomenon which is used as a criterion. 
In this we find a natural explanation of why the amount of 
substance necessary for the formation of 
a pluteus must be much larger than the 
amount of substance which is sufficient 
for the formation of a blastula, inasmuch 
as a larger amount of living matter repre- 
sents also a larger amount of energy. It 
follows from this, also, that when one is 
satisfied with spontaneity or irritability 
as the criterion of living matter, the ulti- 
mate unit of living matter is not only much 
smaller quantitatively, but also different 
qualitatively, as the protoplasm alone suf- 
fices for this. In the case of ultimate units we not only deal 
with masses which represent a definite amount of chemical 
energy, but we have every reason for assuming that the 
mode of liberation of this energy follows a d«»finite order, 
which is {X)8sibly the same for all life-processes. Our fur- 
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ther insight into the nattire of these ultimate elements will 
ooiisequently bo dependent upon a knowledge of this order. 

This significance of the quaniitij of living mibstance as 
the carrier of a dt^finite amount of energy is also ap[>arent 
in the regeneration of multicellular animals. According to 
the experiments of Nnssbanin, "at least one ectoderm, one 
entoderm, and one cell from the intermediary germinal layer 
is necessary'^ for the regeneration of a Hydra ea[>able of 
repnxlnction/ But this minimum gives us only a qualifa' 
tive limit, in so far as the three qualitatively different ele- 
ments are neeessary; So far as the quanfitr/ is concerned, 
it must be said that a very large multiple of each of these 
three elements is necessary for regeneration. In experi- 
ments on Tubularia which Miss Bickford made in my labo- 
ratory two years ago' it was found that pieces 1 mm, loug 
from the stem of this Hydroid are no longer able to regener- 
ate into compMe Tubulari»; either only a simple l^olyp 
without stem and root is formed, or a fieculiar heteromor- 
phous formation, a sort of Janna head, occurs, consisting of 
two polyps connected with each other by their aboral ends, 
while the stem and root are missing between them. 

That the smallest amount of matter capable of develop- 
ment must have a different absolute size in different organ- 
isms — that, for example, it must be smaller for a coccus 
than for an Arbacia egg — need not be sijecially mentioned* 

10. The results of our observations are briefly as follows : 

a) The limits of divisibility of living matter must vary 
according to the character of the life-phenomena used as 
a criterion of life. Each quantity of living matter is the 
bearer of a definite quantity of energy, 

h) The smallest fraction of an unsegmented egg of 
Arbacia necessary for the formation of a pluteus is about 

i Airhiü für mikrmhtrpiäehn JlnatoTnie, Vol. IXXV (Wm). 
ä E. BiCKFORtJ, /ötimtil of M&rphotogi/^ ISSl. 
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one-eighth of the mass of the entire egg (nucleus plus pro- 
toplasm). 

c) The amount of substance necessary for the formation 
of a blastula is much smaller than that necessary for the 
formation of a pluteus; for the formation of a gastrula more 
substance is probably required than for the formation of a 
blastula. 

d) It does not matter which position the fragments of an 
egg of Arbacia occupied in the intact egg ; so far as divisi- 
bility is concerned, the protoplasm of the Arbacia egg can 
certainly be considered as isotropic. 

e) Since the limits of divisibility are almost the same in 
the unsegmented egg as in the first stages of segmentation 
(the thirty-two-cell stage included), it follows that (a) no 
qualitative changes occur in the egg during the early stages 
of segmentation which restrict the development of fragments 
of the eggj and that (/8) the individual cleavage cells, so far 
as the limits of divisibility of the substance of the egg are 
concerned, may be considered as equal. (In other respects, 
however, diflFerences may exist between the individual cleav- 
age cells.) 



EEMÄKKS OX REGENERATION» 
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podB regeneration is possible only in the appendages, while 
segments of the trunk are not regenerated. According to 
experiments which I made at Woods Hole last year. Panto- 
pods, or at least one form of this group, Phoxidiilidiuiu 
maxillara, form an exception to this rule. 

The tnmk of Phoxichilidium maxillara (Fig. 93) is abont 
lcm> long. The animal remains auve for weeks in a dish of 
ßea- water. It is, like most of the free-moving inhabitants 
of the surface of the sea, positively heUotropic/ If the 
body of one of these animals is cut in two by a transverse 
incision (at o, Fig* 95), each of the pieces is still capable of 
locomotion. If the pieces are ex|}oHed to the light, it is 
found that the oral piece continues to be hcliotropic, while 
the aboral piece moves about independently of the light. 
The latter do not show much tendency to progressive 
motion* 

That injured Pantopods can remain alive has already 
been observed by Dohrn. The latter writes : 

t have observed that inilividuals continued to live for days 
even when albof the extremities have 1k*cu cut off, I havo even 
cut a female specimen of Barana castelH in two, dissecttxl the 
anterior portion of the body, and kept the post-erior poiiiou carrj- 
mg the estremitieö V to VII, alive fur fully four weeks,* 

1 Archiv für Entw4ckelunff$ni^hanik der Orffantäme>%r Vol. 11 (l§8fi)« p^ SOl 

> Paf 1 1; p, 1. 

i A^ DoBKK, Fautm und Ftorn des Gnlf^ von Xtapml; III, " Pautuptida ** CLmii^ 
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I was unacquainted with this observation of Dohm's, and so 
made more exhaustive experiments on the subject. I suc- 
ceeded not only in keeping alive for weeks pieces consisting 
of several segments, as did Dohm, but even single segments 
of the body with only one pair of legs. Animals which I 
had cut longitudinally did 
not remain alive, yet I con- 
sider it possible that further 
experiments in this direc- 
tion may be accompanied 
by better results. 

2. In animals in which 
the body was divided be- 
tween the second and third 
pair of legs (at a. Fig. 95) 
the segments of the body 
which were cut oflf were re- 
generated. This regenera- 
tion was especially marked 
in the oral halves of the 
animals which had to regen- 
erate the posterior segments 
(Figs. 90, 97). In the aboral 
halves of the animals I 
could discover only a swelling of the anterior end. In some 
cases a complicated regeneration was recognizable in this 
swelling. I had to discontinue my observations before the 
process of regeneration was completed. 

We will now discuss the regeneration of the posterior 
segments of the body in somewhat greater detail. The 
regenerated piece ab in Fig. 96 consists of three segments; 
yet the constriction at c is not as deep as is usual at one of 
these joints ; in Fig. 97 the regenerated piece ah consists of 
four segments instead of the three which were expected. The 
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presence of a sui>eniumerary segment leack one to suspect that 
the regenerated piece might perhajis have developed into a 
leg in the course of time ; that, in other words, we might 
have had to do with a heteromorphoBis, namel}% the forma- 
tion of a leg in the place of tho Ixnly segment which had 
been cut off, Hoek,* however, states that the abdomen of 
Ammotheas not infrequently shows traces of a segmentation. 





FIG. D6 

I had the animal shown in Fig. 97 cut into serial sections, 
which I examined microBeopieally. The intestine had grown 
into the anterior portion of the regenerated piece. The 
titisaes were, however^ but little differentiated. 

3, The regenerated pieces ab of Figs. 96 and 97 did not 
make their appearance gradually and then grow steadily 
larger, but tht^y suddenly ap|>eared with the size and differ- 
entiation shown in the picture, while on the previous day no 
regeneration had been visible. As each ojierated animal 
was kept in a separate dish upon which its history had been 
written, and as each animal was examined daily, we must 
conclude that the regeneration and growth of the new pieces 
occur slnwly under the skin, and that at the next molting 
the regenerated piece becomes suddenly visible. I have 

I H'>EKt Archive d0 toOioffie c^rimmteUc^ Vol. tX U^^)« 
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observed that the injured Pycnogonides continue to molt 
I expect to resume these experiments and to fill out the gaps 
left in this study. 

II. ON THB THEORY OF BEOENEBATION 

1. Systematists have found it diflScult to place the Panto- 
pods in the natural system upon the basis of their morpho- 
logical and developmental characteristics. It might be 
thought that under such conditions the consideration of the 
physiological behavior of the animals might ofiFer advantages. 
On the basis of our observations on the regeneration of 
Pantopods it might appear as if the Pantopods were closely 
related to the Annelids; but this conclusion would be inac- 
curate, for, as is well known, a whole group of Annelids, the 
leeches, do not regenerate body segments which have been 
lost, even though transverse pieces cut from the leech may 
remain alive for more than a year. One would therefore 
have to reason that the Pantopods are more closely related 
to the ChsBtopods than the HirudinesB, which would be 
absurd. 

2. One frequently encounters the statement that the 
capacity for regeneration in animals decreases the higher 
animals stand in the natural system. This idea has been 
stated in a very definite form by Nussbaum: "The capacity 
of regeneration of organisms is proportional to their sys- 
tematic position, as determined by their characteristics, and 
decreases from below upward."* This generalization goes 
too far, as can be seen from the facts mentioned above. 
Usually we find in every large group in the animal kingdom 
certain species with a greater, and others with a smaller 
power of regeneration. The salamander regenerates an 
amputated tail, inclusive of the spinal column and spinal 
cord, and this power of regeneration is almost as great as 

iNcssBAüM, Sitzunoaberichte der N iederrheinischen Gesellschaft für Natur' u, 
Heilkunde, Bonn, NoTember 5, 18M. 
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tliat observed among the Chetopods or Paütopods. On the 
other baud, the leech is not much more cafmble of regenera- 
tion after ao injury to its body than the human being; both 
can only cover the amputated stump with skiiK If one wishes 
to utilize the power of regeneration of animals for phylo- 
genetic purposes, this can be done only for members belong- 
ing to one and the same morphological group. According 
to Sachs, only *'the forms of the same group may be con- 
sidered related to each other; they have nothing in common 
phylogenetically with the members of another group; every 
morphological group is, so to speak, a plant kingdom in 
itself/^ ^ 

But whether even within the same phylogenetic gronp, 
in the sense in which Sachs uses the term, the power of 
regeneration of a species is a simple function of its position 
in the group can at present, from lack of facts, not be decided. 
My esperimeats on the functions of the brain in worms 
showed that no parallelism estists between these functions 
and the systematic ijosition of each species. Much less does 
such a parallelism exist in regard to the tropisms which can 
be altered comparatively easily through external conditions. 
But though it is not correct to say that the power of regener* 
ation decreases the higher the atdmal stands in the system, 
it is perhaps true, that the number of species capable of 
complete regeneration is relatively greater in the groU[>s of 
the Coelente rates and worms than in the groups of Arthro- 
pods and vertebrates. 

3, In general, it will also be found correct that the power 
of regeneration is greater in the embryo than in the adult 
animal. The young larva of the frog regenerates an ampu- 
tated leg, while this is not possible in the adult animal, 
Thofte who assume tbat the power of regeneration is the 
greater the lower the position of the animal in the natural 

1 J* TON SacBm, FU^a, imi, p. 21D, 
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system will find this behavior of the embryo in harmony 
with the "biogenetic law." 

The explanation of the fact that the embryo possesses a 
greater capacity for regeneration than does the adult animal 
follows in a simple way from Sachses theory of organization. 
Sachs assumes that the form of organs is determined by spe- 
cific substances, and that we have just as many specific mor- 
phogenetic substances in a plant as there are difiFerent organs 
present in it; but these substances are by no means all 
preformed in the germ; they originate through chemical 
changes from the germ substance during the process of 
development. 

If at first only those substances which lead to the formation of 
stems and roots are present, these, under the influence of external 
conditions, finally give rise little by little to another category of 
substances, which finally present themselves, in their purest form, 
in the male and female sexual cells. We can imagine this process 
as similar to the processes which follow one another in a chemical 
factory, where from the original raw material chemical compounds 
of the most varied kind gradually result, until finally the most val- 
uable product, perhaps in an exceedingly small amoimt, is obtained 
in a pure form.' 

In the sense of this theory, we must assume that there 
are at first present in the animal egg only specific ectoderm 
and entoderm substances, from which, through chemical 
changes during the process of development, such compounds 
originate as are specific for epithelial cells, liver cells, periost 
cells, etc. If now we ask how, according to this theory, e. g,^ 
an animal which shows complete power of regeneration (Pla- 
naria torva), differs from one which is able only to cover 
the amputation stump with skin (Hirudo), the answer will 
be, it seems to me, as follows: In the leech all the original 
embryonic material (the egg substance) is used up in the 
production of the si)ecific organogenetic substances, while in 

1 J. VON SACUSf Arbeiten des Botanischen Instituts in Würzburg ^ Vol. II, p. 457. 
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Planaria not all the ''raw materiar' is consumed; yet enough 
Sil Instance for the formation of epithelium is still present in 
the leech for the repair of defects in the epithelium. 

During embryonal development the more '*raw material" 
is changed into the specific orgauogenetic substances of the 
different organs, the larger the number of organs that are 
formed; in other word^, the further the embryo progresses 
in the process of development. It is, therefore, easily intel- 
ligible why in some animals in which the *'raw materiaF* is 
present in only limited amountö regeneration is more com- 
plete in the earlier stages of the embryo than in the later 
stages. If the power of regeneration is dejyetjdent in this 
way upon the difference between the formation and consump* 
tion of the ''raw material,'' it is not to be exi*ected that the 
power of regeneration should be a function of the f>osition of 
a species in the natural system. We can easily understand 
that this difference may be relatively great in one form, while 
in another form of the same group it drof>s to zero sooner or 
later during the embryonic development. We may exi>ect, 
however, that w© shall meet the latter state of affairs rela- 
tively more frequently in the more highly differentiated 
groups of Arthro[>ods and vertebrates than in lower groups; 
which, indeed, seems to be the case. An idea of the role of 
the orgauogenetic sabstancee in regeneration has been given 
by Sachs in his pa|}er on ''Stoff und Form der Pöanzenor- 
gane," I have shown in several papers that the processes 
of regeneration, heteromorphosis and ontogenesih in animals, 
agree with the ideas of Sachs,' 

1 Part r» p. llii; and O« Somt^ Fattn ami PHncipt^ ^ Ph^nol^ffical Mm^hologif 

(L«ctur^ D«Uvi]rt>d al WoocLä Hole, IttlfS). 




XIV 

CONTKIBÜTIONS TO THE BKAIN PHYSIOLOGY OF 
WORMS» 



In his well-known work Ueber Entwicklungsgeschichte 
der Thieve K. E. von Baer asks how the anterior pair of 
ganglia of segmented animals should be designated. 

Whether the first pair of ganglia of the segmented animals shall 
be called a brain or not depends entirely upon the significance 
which the word brain is given. It is certainly not the organ which 
we call the brain in vertebrates, for in them it is the anterior 
extremity of the neural tube, and this is lacking in the segmented 
animals. It is rather the foremost pair of the series of ganglia, 
and as the latter is to be compared with the spinal gangUa of the 
vertebrates the so-called brain of the segmented animals seems to 
correspond to the Gasserian ganglion of the vertebrates,^ for the 

latter also receives sensory impulses If, however, one wishes 

to designate by the term brain not a definite organ, but .... 
that mass of nervous tissue which receives the sensory impulses, 
then one can, of course, say that insects possess a brain. Only one 
must keep the meaning of this term in mind. 

He who seeks a definition for the word brain will find 
the necessary directions in von Baer's remarks. Steiner' 
considers it the problem of the physiologist to find such a 
definition, and has come, apparently without knowledge of 
the remarks of von Baer, to a different definition which 
reads as follows : 

The brain is characterized by being the general center of loco- 
motion in connection with the activities of at least one of the 
higher sensory ner^^es Besides its simplicity this definition 

1 Pflügen Archiv, Vol. LVI (1894), p. 247. 
«Vol. I(1828),pp.2a4ff. 

* Sitzungsberichte der Berliner Akademie der Wiatenachaften^ 1890. 
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has the further advantage of being fmtisfied bj a .single ex pen m en t, 
in so far as, of the two ek^ments of which the dffiniüon in tx>fu* 
po^ed, the one element is always given anatoniieally. This is the 
higher sensor j ner?e, the prei^ence of which guarantees it8 func- 
tion. The only experiment which it is neeessarj to perform has to 
prove that the general center of locx>motion is also present beside 
the sensory apparatus. This proof is hu^nished when the tmiJateral 
removal of the central nervoiLs portion in question so alters the 
direction of the movement of the animal that it no longer move« 
in a straight line but in a circle— a phenomenon which is generally 
designated by the term ** forced movements." 

This definition of Steiner lead» to two new conclusions: 
first, that the cerebrum in human beings does not belong to 
the brain since, as is well known, unilateral removal does 
not bring about forced movements, Steiiier himself realizes 
thiB, for he has found, aided by his definition, that the octo- 
pus '*has a cerebrum but no brain." **To have no brain 
and yet a cerebrum seems strange and even jmradodc^l, 
probably only, however, because we have not until now encoun- 
tered such a case," The second neoessary conclusion from 
Steiner^s definition is that the ear is a brain. This conclu- 
sion has not been drawn by Steiner himself, but is unavoid- 
able. For, first, unilateral extirpation of the ear brings 
about forced movements, and» secondly, the auditory nerve 
is one of the higher sensory nerves* Steiner further points 
out that bilateral destruction of an organ, the unilateral 
destruction of which brings about circus motions, renders 
impossible spontaneous progressive movements. Forced 
movements can be brought about in the shark from the 
meilulki obhmgatu, and here is located also, according to 
Steiner, "the general center of locomotioii ** of this animal* 
Steiner has himself shown, however, that a shark still moves 
spontaneously after the loss of the entire medulla ohlomjntu} 

This *' center of locomotion ^^ is said by Steiner to be 
located in the inedHUn ohhmgnia in the frog also, but 

1 STEIN KE, Die FuncHoneu dtx Vt:ntrttincritiUiyiiteniSt\Kiti. II (1883), pp. EM ff. 
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Schrader has found that a frog is possessed of an irresistible 
impulse to move after losing this center.* 

The simplest facts of comparative physiology show more- 
over that the power of progressive movement is possessed 
also by such organisms which have no brain whatever, t. e.^ 
the swarm spores of Algse. It is, in 
my opinion, not the problem of physi- 
ology to find a definition for an organ 
but to discover the functions of a given 
organ. 

From this standpoint I wish to make 
in the following pages some contribu- 
tions to the brain physiology of worms. 
I understand in this paper by the term 
brain, as is customary, the ganglia lying 
at the oral end of these animals. Brain 
physiology has shown that for the higher animals the biologi- 
cal character of a species, that is, the sum total of those 
reactions of a s]:)ecies which are determined by the external 
surroundings, depends chiefly upon the brain. I was espe- 
cially interested in determining whether the rudimentary 
brain of such low animals as the worms has a similar signifi- 
cance. The experiments which I wish to report have been 
made at long intervals, some in Naples in 1889, some in 
Woods Hole in 1893. 

II 




FIG. 66 



I. EXPERIMENTS ON THYSANOZOON BROCCHII 

1. Thysanozoon is an elliptically shaped marine Planarian 
(Fig. 98, according to Lang), which is from one to three cm. 
long, and almost as broad. The brain g of the animal, an 
unpaired organ, is situated at the anterior extremity of the 
body, which latter can be recognized without difficulty by 

1 ScHBADER, PflUffcrB Archii\ Vol. XLI. 
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its jx>s8essäon of two tc^ntncles (Fig, 98), Froiu the |x*sterior 
side of the brain arise the two large nerves (n. Fig. 98), 
which traverse the eutire length of the nmmal, A number 
of other Derves also run to the hraiii» The nerves contain 
separate ganglion cells, a cbaracteriBtic whioh^ as is well 
known, is found also in certain peripheral nerves in the 
higher animals. The nerves form a plexus at the periphery.' 

The central nervous system of this animal therefore con- 
sists mainly of the ganglion sitnatetl at the anterior extremity 
of the animal. As is the case with all Planarians, Thysano- 
zoon creeps over the walls of the aquarium or along the 
surface of the water. It differs in its movements from the 
fresh- water Platiarians only in so far as it is able to execute 
actual swimmiTig movements. In Rwimniing the animal 
executes |R'ndalum4ik6 movements with the lateral {>ortLons 
of its body as does a butterÖj with its wings. 

If a Thysanozoon is cut across transversely into two 
halves, while the animal is moving at the enrface of the 
water^ the |x>öterior alx>ral half at once falls to the bottom 
like a dead mass, while the oral piece which contains the 
brain continmis to move along quietly* If the cut is made 
rapidly and with a sharp pair of scissors, the behavior of 
the oral piece gives no indications of such reactions as 
accompany th^ sensation of jMiin in higher animals. If the 
animal is divided with a sharp knife while it is creeping over 
a glass plate, we notice the same phenomenon: the oral 
piece continues its motion nndisturbed while the progressive 
movements of the posterior piece cease at once. It hap[>ons 
occasionally that the transverse division of a Thysanozoon 
causes the oral piece to execute more lively and rapid move- 
ments. That the progressive movements of this animal are 
indeed a function of the brain is shown particularly well 
when only the exceedingly small piece which contains the 
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brain (Fig. 99) at the anterior end of a large (about 3 cm. 
long) Thysanozoon is cut off. The very small piece lying 
anteriorly then continues to creep or swim while the 
comparatively enormously large body executes no further 
progressive movements. The spontaneity of progressive 
movement in Thysanozoon is therefore 
a function of the brain. 

Both pieces of a divided Thysano- 
zoon continue to live and regenerate 
the missing portions. Only the oral 
piece regenerates more rapidly than the 
aboral, which has to form a head. I 
have not studied whether the latter 
forms a new brain. I kept such pieces 
alive for four months. The spontaneity 
of the aboral piece never returned, while 
the spontaneity of the oral piece persisted. 

2. The beheaded frog will remain uix)n its back when 
the cut lies behind the medulla oblongata; when the cut 
lies in front of the medulla the frog will not remain upon 
its back. We assume in this case that the geotropic func- 
tions of the ear compel the frog to resume the normal 
orientation. It is probable that the tactile stimuli also act 
in such a way that they compel the frog to bring the soles 
of its feet in contact with the surface of solid bodies, or to 
allow the weight of its body to press tipon the nerve endings 
in these portions of the skin. 

I designated the fact that an animal is compelled to orient 
its body in a definite way toward the surface of solid bodies 
as stereotropism. Geotropism cannot be demonstrated in 
Thysanozoon as the animal assumes any orientation toward 
the center of gravity for a long time. Stereotropism is, 
however, present as the animal is compelled to bring its 
ventral surface in contact with solid bodies, or to allow its 
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body to come to rest niK)ii its ventral surface. We cantiot 
compel the animal to bring its back in contact with solid 
bodies, and at the same time expose its ventral surface to the 
water/ 

The question now arises whether these phenomena of 
orientation are a function of the brain 
as are the s[>ontaneoua progressive 
movements. Strange to say this is 
not the case. The brainless Thysano- 
zoon returns to the ventral position 
when it is laid upon its back, only the 
reaction occurs more slowly than in 
the normal animal, or in that portion 
of the animal containing the brain. 
Reactions to light conld not be demon- 
strated, 

3, If, instead of making a complete 
transverse section of the animal, only the longitudinal nerves 
are cut, and the two pieces are left united with each other 
by a very thin bridge of protoplasm at one side (Fig, 100), 
the aboral piece is not innervated directly by the nerves from 
the brain. A conduction of the impulse by way of the 
lateral nerve plexus is, of c-ourse, still possible. 

When, immediately, after the operation, I laid such an 
animal upon the bottom of the aquarium the oral jäei-o at 
once began to move, while the alxiral piece tried to attach 
itself to the bottom. // respmidvfi^ however^ to ike pull 
wJaeh the oral p irrt ' eTe^icd uptm if^ and tot fk part in a jH^r* 
fccfltf co-ordinak*d manner in ike progressive vuwemeniSf as 
if no interm|jtion had occurred. After some time the oral 
pieca turned ateut, crept over the back of the aboral pit*ce 
whereby the latter was dragged along passively^ and laid 

IThfl rij^htJPKof 9tara.<^b wbkh hiiv*^ bepti Inid upon thoir backs U tt.lj»o cnilf ft 
of sfeerooLropiätUi iilQcI lia^ Dothitit; iu do with the elfecU^ of jfravity» 
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upon its back. The posterior piece at once resumed the 
ventral position, however, and then moved actively in the 
same direction as the oral piece. Changes in movement^ 
therefore^ were inaugurated only by the oral piece which 
contained the brain and were never communicated directly 
to the aboral piece. When, however, the oral piece 
mox:ed for some time in the same direction and with the 
same velocity, the same movement soon took place in the 
aboral piece also. The aboral piece therefore, behaved not 
entirely as a piece without the brain, as it was still capable 
of progressive movement, but not as a normal Thysanozoon 
either, as it had lost its spontaneity. This becomes still 
clearer from the following observations : 

I threw the animal into a basin of water. Both pieces 
executed energetic, synchronous swimming movements. The 
oral piece soon reached the vertical glass wall of the aqua- 
rium. In consequence of a change in the direction of the 
movement of the anterior piece, the connecting bridge 
between the two halves of the animal was twisted and the 
aboral piece came in contact with the glass wall with its 
back, while the ventral surface of the same was turned 
toward the water. The posterior piece now executed swim- 
ming motions and so followed the creeping movements of 
the oral piece. That when movement is constant the 
posterior piece takes an active part in the progressive move- 
ment, and is not merely dragged along passively, is further 
shown by the fact that it often crept with its free edge upon 
the back of the oral animal, especially when the latter sud- 
denly moved more slowly. 

The experiments detailed thus far show that a brainless 
piece of Thysanozoon no longer moves six)ntaneously, that is 
to say without an appreciable external stimulus. I did not 
succeed in bringing about progressive movements in a brain- 
less Thysanozoon even by stimulating it. If the animal is 
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touched a local contraction occurs at the stimulated point, 

but no progressive movements* 

4 If a lateral piece ah ia cut from an animal parallel to 

the median plane (Fig* 101), a cuntractiün of thö wound results 

wEich may be bo great that the piece rolls up into a spiraL 
(This contraction of the woimd-edgea 
occurs no matter what the position of 
the cut.) The lateral piece ah, which 
contains no brain, executes no pro- 
gressive niovements. If, however^ a 
contraction of the wound-edge occurs 
in the other piece» bq that it is rolled 
into a spiral, the progressive move- 
ments no longer occur in a straight 
line but iu a circle, I never succeeded 
in bringing about circular movements 
through unilateral destruc- 




tion of the brain iu Thy- 



FIG. 101 



sanuzoon. 



-,.-'ti 



II. EXPEBIMENTS ON PLANABIA TO EVA 

1. The brain and nervous system of the fresh 
water Planarian (Fig. 102, according to Jijima) 
are so analogous to those of the mariue Planarian, 
that it is unnecessary for our purfjoses to give a 
sei>arate description of them. The most im[x>rtant 
ditTerence exists perhai)6 in the fact that the two 
longitudinal nerves contain certain collections of 
ganglion cells. One might think that the brain 
function of the fresh-water Planarians might also l>e analogous 
to those of the Polyclads. That is, however, not the case. 
We ex(>erience here again what I have jnnnted out repeatedly 
in my pa[>ers on the lower animals: that animak which are 
very closely related morphologically may show the 
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diflFerences in their physiological reactions. If a fresh-water 
Planarian is cut in two the aboral piece which contains no 
brain creeps about in just as lively a manner as the oral half. 
The spontaneity of the progressive movements in Planaria 
torva is therefore in no way a function of the brain. Every 
piece of the animal, not too small, possesses spontaneity. 
The decapitated animals creep with the oral end directed 
forward, as do normal animals. 

2. In a previous paper I have described the behavior 
of Planaria torva toward light. The animals are chiefly 
photokinetic, that is to say, changes in the intensity of the 
light alter their movements. If the animals are suddenly 
brought from darkness into light they begin to move. 
During the first few moments the direction of the move- 
ments is also influenced by the light. The animals move as 
do negatively heliotropic animals to the room side of the 
vessel, but they do not collect here as do negatively helio- 
tropic animals, but distribute themselves in all directions, 
and now begin to move in every direction, to come to rest 
finally in that region of the vessel which is more weakly 
illuminated than its surrounding. 

One receives the impression therefore that an increase in 
the intensity of the light causes the animals to move, while 
a decrease in the intensity of the light causes them to come 
to rest. For this reason one finds the animals through the 
day collected in relatively dark places in the vessel, or on the 
under-surface of stones. I suspect that the animals begin to 
move anew at night, and then at the approach of day again 
collect in relatively dark places. I repeatedly covered one- 
half of the glass vessel in which I kept the Planarians with 
black paper in the morning. No change occurred through 
the day. On the next morning, however, I found all the 
animals under the covered portion of the aquarium. This 
could be interpreted only as showing that the animals crept 
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about in the vessel during the night, and came to rest in the 
morning in the darkest regions* 

These ftnitnals possesa at the oral pole not only a brain 
but also comparatively well-do veloped eyes. I decided to 
test whether a decapitated Planarian still shows the same 
reactions toward light as normal Planarians, iu spite of the 
loss of brain and eyes. This is true in a most surprising 
way* About sixty specimens of Planaria torva were cut 
across transversely, close behind the brain and the eyes, in 
the evening. AH the pieces were put into a vessel having 
vertical sides and half covered with black paj>er. On the 
nest morning nearly all the posterior pieces as well as the 
oral pieces were found in the covered part of the aquarium* 
They were fairly uniformly distributed here. A few were 
found in the uncovered jiortion of the vessel, but among 
these there were head pieces as well as aboral jiieces crowded 
together in one comer in the room side o( the dish. In this 
corner the intensity of the light was relatively low. In 
repeating this exjieriment with normal animals I obtained 
the same results as with the decapitated animals. "V\Tien the 
decapitated animals lirid collected in the covered |>ortion of 
the vessel and had become jjerfectly qiiietj their quiet was 
quickly distnrlied when the dark papt?r was suddenly removed 
without jarring the vessel. The animals began to move^ crept 
at first toward the ruom side, and finally col looted again in 
regions where the light was least intense. This reactiun also 
occurred as in normal animals, with this difference, huwever, 
that the reaction time of the brainless animals to changes in 
the intensity of the light w^as greater than in normal animals. 
In the animals [xjesessing a brain and eyes the reaction began 
about one minute after light struck them; in the brainless 
pieces after aliout five minutes* In these experiments only 
diffuse daylight was used as a stimulus. 

I have pointed out before that when uninjured Planarians 
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are put into a vessel having a cylindrical form, they do not 
collect as do purely heliotropic animals on the window or 
room side of the vessel but on the right and left sides of the 
same. The Planarians from which the head together with 
the brain and the eyes have been removed behave in exactly 
the same way. All these experiments are successful as eariy 
as the day after the operation. Only perfectly fresh material 
must be used for these experiments. In warm weather the 
posterior pieces regenerate a new head with eyes and probably 
a brain after a week. 

3. It was formerly the custom to conclude that an animal 
possessed eyes when it reacted to light. And since no one 
doubted that the reaction to light was a reflex movement it 
was assumed that such animals possessed a central nervous 
system also. When I found that the orientation of animals 
toward light is determined by the same conditions as the 
orientation of plant organs toward the same stimulus I drew 
the self-evident conclusion that the orientation of the animals 
toward the light could not possibly rest u|)on characteristics 
which are possessed only by the eyes or only by the brain, 
as plants do not possess such organs. The sensitiveness of 
the eye to light must rather rest uix)n the fact that the eyes 
have a condition in common with heliotropic plants, namely, 
elements which suffer some change under the influence of 
the light. For the rest, however, these elements need not 
be either morphologically or chemically identical in the dif- 
ferent organisms. An analogous conclusion may be drawn 
for the brain. When an animal with a brain shows the same 
reaction as a plant which possesses no brain it follows that 
the reaction toward light is not the result of a "specific 
energy" of the brain, but that the brain in that case only 
performs a function which is possible in plants without 
nerves. This function need be nothing else than the con- 
duction of the light stimulus, which, as is well known, occurs 
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in plants also, but in the latter caee through difftrent 
mechanisms. These facta which I considered as self-evident 
have been misunderstood by one author and have been falsely 
represented, aa though I had asserted that braiü and ejes 
are superfluous. 

From what I said it also followed that in animals which 
poeaesB eyes the sensitiveness to light nt^ed not by any means 
be limited to the eyes. Photosensitive elements may be 
found also in other portions of the surface of the body. 
Grabt^r has in fact already rejiorted exfjerimeiits on Tritons 
and angleworms which he claims iK)int in the same direction» 
It could, moreover, be foi-eseeii tlmt an effect of light might 
perha[i8 be possible in many animala without the esiBtence 
of a true reflex arc, for I found in Ciona inteetinalls that a 
typical reflex pbeDomenun continuefl to exist in this animal 
after destruction of the central nervous system. There was 
finally the possibüity also that both cxmditions mi^ht be 
found together in t\m same animaL The latter i^ the case 
in Planaria tor\^a, determined tu be such by Dr. Wheeler. 

4* After what has been said it is scarcely necessary to 
emphasize the fact that brainless pieces of Planaria torva will 
not assume the dorsal iK>sition any more than will uninjured 
animals. All my exi)erinientfl to bring about forced move- 
ments in these animals through unilateral destruction of the 
brain remain as fruitless as in Thysanozoon. 



III. EXPERIMEKTK IN CEBEBEATULUS MABGINÄTÜS 

The Nemertines j)OSoeBs a more highly developed brain 
than do the Planarians, The brain is larger and shows also a 
greater subdivision into smaller parta. It also is continued 
into two lateral nervous cords. The latter contain *'a super- 
ficial covering of ganglion cells which may give rise to 
ganglion-like swellings at the points where the nerves 
branch."' 

I Claus, Lehrlmeh der Zoi^iOgie, i, AuUm p- 339. 
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The specimens of Cerebratulus which I used in my 
experiments were over 50 cm. long and almost as thick as 
a finger. The layman would readily have believed that he 
was dealing with an eel instead of with a worm. The ani- 
mal lives in the sand. If it is laid upon the sand-covered 
bottom of the aquarium it soon buries itself in the sand. If 
the head is amputated from such an animal the head-piece 
continues to bury itself in the sand when it is not too short. 
The body, on the other hand, does not make a single attempt 
to bury itself in the sand. 

IV. EXPEBIMENTS ON ANNELIDS 

The Annelids possess besides a fairly complex brain a 
chain of ganglia which transverse the entire length of the 
body. We have the experiments of B. Friedlander and of 
Graber on the function of the central nervous system of the 
Annelids. 

Friedlander* amputated the anterior and posterior seg- 
ments from angleworms. 

The latter conduct themselves, to put it shortly, as normal ani- 
mals : they soon hurj themselves in the earth. Not so the beheaded 
worms. Immediately after the operation they execute violent 
winding motions, perhaps creep about for some time, but usually 
come to rest after a short time, and can now remain quietly upon 
moist earth covered with moist filter paper, for days and weeks 
without, apparently, making any autonomous movements after the 
wounds have healed. Every stimulus however soon awakens them 
from their passive condition. They then move about energetically, 
even creep some distance, but soon fall back into their original 
lethargy. 

The second series of experiments of Friedlander consisted 
in excising a small (5 to 10 mm. long) piece from the abdomi- 
nal nerve-cord of angleworms. Friedlander had expected 

that the two portions of the worm lying anterior and posterior to 
the operated point would conduct themselves physiologically during 

1 Biolooischei CentralblaU, Vol. VUI. 
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looomotioQ as two individuals^ or perhaps tliat the posterior portion 
woul d .s impl J be dn igged al ong- p Jissi vel y , Neither, however, occu rs * 
The animals which lack entirely a portion of the central nervous 
system creep alxjiit as normal animals, except for a slight variation 
which will Ije described later, A eon traction of the longitudinal 
muscles begins in the anterior segments which passes posteriorly, 
reaches the operated point, jumps over it, and eontinues behind it* 
fto that the movements of lx>th parts are co-ordinated in exactly the 
samo way as in the normal animal. 

To explain this remarkable phenomenon Friedländef 
assumes that a *Mongitudinal pulP* is exerted upon the poste- 
rior segments through the contraction of the anterior seg- 
ments. "This acts as a stimulus to the stretched portions of 
the abdominal nerve cord,aiid the reflex brought atout thereby 
consists of a contraction of the longitudinal muscles of the 
Btretched segments," The longitudinal gtretching of the 
skin (not of the abdominal nerve cordj would therefore lib- 
erate reflexly a longitudinal contraction. The correctness of 
this idea was proved by the following exi>eriment. An angle- 
worm is cut in two in the middle and both pieces are sewed 
together in such a way that they are connected by a thread 
about 1 cm, long. The pieces when connected in this way 
by means of a thread execute co-ordinated movements. 

Graber tested the statement of Hofmeister and Darwin 
that tlie anterior end of the Ixxly of the angleworm is sensi- 
tive to light' He amputated the anterior segments of angle* 
worms, and found that the brainless pieces were still sensi- 
tive to light. The reaction of the angleworm to light is 
therefore no function of tlie brain alone. My own esi)eri- 
ments consisted in amplifying these facts in some directions, 

V. EXPEBIMEKTS ON KEBEIS 

If a Nereis is cut into several pieces, only the oral piec^ 
retains the power of burying itself in the sand« Earlier 

1 OrumUinicn emt iCrfontchmnff da HclUgkeiUr und Farhctmnm^ der Thi^v^ 
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experiments had led me to suspect that this "spontaneous" 
or "instinctive" burial was only a reflex called forth through 
the stimulus of contact with sand. I tried whether it would 
not be possible under certain conditions to demonstrate the 
same reflex, even in brainless pieces. I laid such a brainless 
piece upon the sand; as usual it remained quiet. I now 
carefully covered the anterior end of this piece with sand. 
The rest of the animal soon began to execute the typiccJ 
movements which are necessary to bring about the burial of 
the animal in the sand. At the same time the glands at the 
foot end of the animal began to secrete the sticky substance 
which cements together the grains of sand and renders solid 
the wall of the tube in which the animal lives. This secre- 
tion is a constant accompaniment of the burrowing of the 
animal It is the same secretion which in other worms leads to 
the formation of a tube. The animal did not however succeed 
in burying itself, and so it soon began its movements anew. 

Spontaneous progressive movements were executed only 
by that piece which contained the brain. Yet weak stimuli, 
such as the shaking of the aquarium in passing through the 
room, sufficed to bring about progressive movements in the 
posterior piece. None of the pieces would remain on their 
backs when turned over. When I attempted to keep a 
brainless piece forcibly in this position it made great attempts 
to return to the ventral position. In all the experiments 
which have been described the size of the piece is not imma- 
terial : the more segments it contains the more definite are 
its reactions. I tried finally to determine whether all the 
ganglia even the most posterior are able to bring about the 
same winding and bending which is characteristic of the 
injured worm. That is indeed the case. 

VI. EXPERIMENTS ON LUMBRICUS FCETIDUS 

I wished to determine whether angleworms are heliotropic 
or photokinetic, and whether the decapitated animals show 
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the same relation to light in every particular as do the 
animals with the brain. If Lumbricus foetidns is introduced 
into a transparent closed vessel it is noticed first of all that 
the animals are strongly stereotropic. As soon as they reach 
the concavity of a corner or a groove they crawl along it and 
do not leave it. Secondly it can be shown that they are 
photokinetic. They come to rest in those regions which are 
more weakly illuminated than the surrounding areas. The 
direction of the rays of light le of little consequence. It 
seems also as if, when one or more animals have come to rest 
at any point, the others also come to rest at the same place 
more readily. This looks as though the animals were "social '' 
This may be attributed to a chemotropic irritability. 

It is noteworthy that the less refrangible rays which pass 
through red glass are less active for photokinetic animals 
than the more strongly refrangible rays which go through 
blue glass. The angleworms come to rest sooner under red 
glass than under blue glass. (We can speak of a "prefer- 
ence*' for red light for this case just as little as in the case 
of heliotropic animals.) Decapitated Lumbrici foetidi all 
show the same stereotropism as normal animals. When they 
reached the concave side of the corner of a vessel they did 
not readily leave the comer again. The decapitated animals 
also came to rest as did the normal animals in those regions 
where the light was least intense, while an increase in the 
intensity of the light stimulated them to movement. It 
could also be shown that the light which passes through blue 
glass acted in this regard as light of a greater intensity than 
that which passes through red glass. 

In all these experiments the decapitated pieces crept 
about with their tail end forward as well as with the oral end 
forward. I noticed repeatedly a fact which shows that even 
the extreme caudal end of the angleworm is sensitive to light. 



For when the caudal end euddeuly entered an illuminated 



:^ 
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area from one which was protected from the light it at once 
turned about. 

Strange to say the reaction-time to light is not markedly 
greater in decapitated angleworms than in normal animals. 
The experimental animals were contained in a dark box in 
which they could without being jarred be suddenly exposed 
to diffuse daylight. Three to eighteen seconds after the 
entrance of the light the decapitated angleworms first began 
to move. It took about the same time in normal worms. 

Lumbricus f cetidus lives in decaying straw and manure, and 
it can readily be assumed that the chemical nature of certain 
substances contained in the straw and manure holds the 
animals — that in other words they are positively chemo- 
tropic to the substances. I could readily show that when 
one-half of the bottom of a box was covered with white moist 
filter-paper and the other half with a thin layer of decaying 
straw, the normal worms which were laid upon the filter- 
paper were soon all collected upon the manure. The poste- 
rior pieces of transversely severed worms behave in exactly 
the same way. When they were laid upon the filter-paper 
they were not directly attracted by the odorous substances 
contained in the manure. As soon, however, as they came 
in contact with the manure in their progressive movements 
they crept upon it, and once upon it they did not leave it 
again. In this way it soon happened that all the brainless 
worms were collected, without exception, upon the manura 
When they were laid upon a heap of decaying straw, they 
soon buried themselves in it. That was not alone the effect 
of the light, for the reaction occurred also in the dark. 

VII. EXPERIMENTS ON LEECHES 

If a leech is cut in two transversely the two pieces show 
entirely diflferent reactions. The wound soon heals and the 
pieces may live a year or more without however, as is well 
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known, any re^^eneration occurring. Both pieces can execute 
swimming motions: in the case of the posterior piece the oral 
end leads. Both pieces attach themselves by means of their 
suction diska At times I als«^ saw the {)Osterior piece exe- 
cute lively progressive movements, without however being 
able to discover an external stimulus for this movement 
Both pieces returned to the ventral position when they were 
laid ui>on their backs. For the rest however the two pieces 
behaved differently. While I frequently found the anterior 
piece attached to the vertical glass sides of the aquaritim, I 
found the posterior piece attached to the bottom, I bus« 
pected that the attachment of the suction diJ^k came to pass 
reflexively, in consequence of the pressure or the friction to 
which the skin of the auction disk is exposed when it is allowed 
to come in contact with the bottom. It was therefore to be 
expected that it should be possible to comjjel the animal to 
attach itself to auy desired (joint by pressing the suction 
disk against it. The exi>eriment succeeds very readily with 
the [»osterior piece of a transversely divided animal, when it 
is gently pressed against the desired sjjot by means of a 
brush. The anterior piece however behaves entirely diifer- 
eutly when the same experiment is made with it. It turns 
itself in an apparently aggressive manner against the brush 
so that it is impossibe to press the suction disk against the 
wall. 

If the posterior piece is laid ujxjn its back, it begins to 
execute swimming motions by means of which it brings itself 
back into the ventral jHisition. The anterior piece rGtunm 
to the ventral position by turning over. The tendency to 
execute swimming motions is much more marked in the 
posterior than in the anterior piece. If the leech is divided 
in such a way that the two pieces are still connected by a 
small piece of skin, they at times execute co-ordinated pro- 
gressive movements, as in Friedländer's experiment. More 
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frequently however one observes that the posterior piece 
apparently begins its swimming motions spontaneously, and 
pushes before it the anterior piece which contracts and 
ruffles itself. 

Ill 

1. Our observations therefore show that when a worm is 
cut through transversely that piece which contains the brain 
retains to a greater degree, generally speaking, the biological 
or psychic character of the species than the brainless piece, 
even when the latter far exceeds the anterior piece in mass. 
The difference which the oral and aboral pieces show in this 
regard is different in different species of worms. In Thysano- 
zoon this difference is marked, also in leeches and inCerebratu- 
lus, while in Lumbricus and especially in Planaria torva* it is 
less. It is however questionable whether this difference is 
chiefly determined by the brain. For we do not know how 
far the specific irritability of the individual peripheral 
elements of the oral pole has to do with it. 

2. The latter thought may go too far for many readers. 
But it seems to me that we are too much inclined to seek the 
** irritable structure" which determines the reaction of an 
animal exclusively in the central nervous system, while fre- 
quently a more careful analysis of the phenomena by no 
means compels such a conclusion. The Ascidians are the 
simplest reflex animals. The central nervous system is 
reduced to a single ganglion which receives sensory fibers 
from the surface and sends motor fibers to the muscles. If 
the skin of the animal is touched, the muscles contract, and 
the oral and aboral openings of the animal close. Under 
these circumstances the stimulus passes from the touched 
spot to the ganglion and from here to the muscles. The 
ganglion can be readily extirpated in transparent forms such 

1 In this form Bardeen has recently found that the. so-called long itadinal nerves 
resemble more closely the oral granglion in their histological structure. [1903] 
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aa Ciena iiiteatinalis. After the loss of the ganglion, how- 
evePj th€ animal reacts in the same way when touched as 
before. Only one condition is different The intensity of 
the stimulus which is necessary to bring about a reaction in 
the brainless Ciona is much stronger than in the intact 
animaL This indicates that the mechanism is different in 
the two cases. In the normal animals the sensory nerves 
are stimulated and the etimulus passes through the ganglion 
to the muscles. In the brainless animal the muscles at the 
irritated {>oint are possibly stimulated directly* The con- 
traction of these muscles is then the cause of the contraction 
of the neigh lioring muscles and so on.' Under these circnm- 
atances it is more than a mere possibility that in the normal 
Ciona also the characteristic reaction when touched is deter- 
mined not by the brain, but that the brain serves the purpose 
in this case of a better and more rapid conductor of the stimu- 
lus. The nature uf the reaction might rather be chiefly 
determined by the arrangement of the muscles. 

The heliotropic phenomena of animals are identical 
in all res[>ects with those of plants. The latter have no 
central nervous system and the remarkable nature of these 
reactions is therefore not necessarily determined in animals 
also by the specific characteristics of their reflex centers. It 
is much more probable that the nervous system plays in this 
only the role of a conductor of stimuli, while the actual char- 
acter of the process is determined by the following condi- 
tions: (1) The ßhape of the body and the topographical 
distribution of irritability corresponding with it. (2) The 
changes brought about by the light in the illuminated tissues l 

(3) The conduction of the stimulus to the contractile tissues. 

(4) The arrangement and structure of the latter. 
Examples of the same sort are the observations described 

lit 19 howeror possible that tbn stimulus is conducted to the indiTidual muscle 
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in this paper on stereotropism in brainless Planarians, and 
the reaction of brainless animals toward light. 

3. Even though the brain, or more accurately that part of 
the body containing the brain, determines in the main the bio- 
logical or psychic reactions of worms which are typical for 
each species in the same way as in higher animals, there never- 
theless exists a specific difference between the brain of worms 
and that of many of the higher animals. The worms lack asso- 
ciative memory and consequently also consciousness^ which is 
only a function of the former. By associative memory we 
understand that arrangement of the brain by virtue of which 
a stimulus brings about not only the effects corresponding 
with its nature and the specific structure of the irritable 
tissue, but also the stimulating effects of other causes which 
at a previous time once affected the organism at the same or 
almost the same time with the stimulus. No trace of such an 
associative effect of stimuli can be proved to exist in worms, 
and consequently also no trace of consciousness. 

One might go farther and speak of memory, when the 
effect of a stimulus depends upon previous effects of stimula- 
tion at all. Under these circumstances, for example, we 
would have to designate it as memory when a plant which 
was originally cultivated in the tropics does not withstand 
low temperatures as well as a plant of the same species culti- 
vated in the North. We would also have to call it memory 
when a Medusa of the temperate zone is moved to the regions 
of the midnight sun and here continues its depth migrations 
in a period corresponding with the changes of day and night 
in its home. No objection could be made to this, only I do 
not believe that this kind of memory can be looked upon as 
a lower form of associative memory. And I am convinced 
that it is something entirely different from associative mem- 
ory. When the plant which has been cultivated in the South 
does not do as well in the North as the same si)ecies of plaat 
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which has been cultivated in the Korth it is to be attribnted 
to a difference in the constitutioö of the tissues of the 
two plants, fiossiblj to a difference in the amount of wat^r 
contained in the two ti^ues- The periodic depth migra- 
tion of the Mednsa are, as I believe» brooght about through 
a periodic change resulting from iotemal causes in the 
amount of water contained in the animal, which, in the 
temperate zones, ooiresponds in its period with the change 
of daj and night (I suspect that the light brings about 
a change in the amount of water contained in the animal 
in one sense, while darkness brings it alx>ut in the oppo- 
site sense.) When the Medusa is then transferred to the 
North there is no occasion for a change in the period. In 
associative tnemorj*, on the other hand, we have to deal, it 
seems to me, with a definite mechanical arrangement which, 
from experiment and pathological experience, has to be 
songht in the brain and which ts preseni only in certain 
fmimuls, while it is missing in others* Correspondingly 
consciouBnesa is present also only in certain animals, and in 
these only after a certain stage in embryonal development 
has been reached. To claim, as does one English author, 
that a '^snlK-onscionsness'^ exists in the egg, I consider just 
as wrong as though one would say that a snhphonograph 
exists in a drop of water. The Darwinian habit of seeing 
transitions everywhere becomes erroneous when it attempts 
to take into consideration machines which yield qualijivd 
energy. And we have to do with such machines in the case 
of associative memory, as well as in many other physiological 
apparatus.' 

4* If, therefore, a decided difference exists between 
many vertebrates and the worms (and other lower animats) 
so far as associated memory and consciousness are concemedi 

I lo ninny resrpeets my tiews coiijcido ndth thnsd i*jfpn>fisfid bj DaiEsrw In bifi 
excel Joiiti buoklfjb Dit Iftologie ala Kiöstaiändtijie W*imen*chitft* 
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only a quantitative diflFerence exists so far as spontaneity is 
concerned ; when we designate as spontaneous those changes 
in an animal which are the result of internal, or more cor- 
rectly, which occur without demonstrable external stimuli. 
As a matter of fact, many changes brought about through 
extemcd stimuli will seem spontaneous to us because the 
external stimulus escapes our observation. We have to dis- 
tinguish between conscious spontaneous changes (the true 
will-action in which the idea of the coming change precedes 
the latter) and simple spontaneous changes in which internal 
causes determine the latter without processes of conscious- 
ness being present. In the case of worms, of course, we can 
speak only of the latter forms of spontaneity. In Thysano- 
zoon this spontaneity seems to be exclusively a function of 
the brain. In Planaria torva, on the other hand, this is not 
so distinctly the case. When compared with the number of 
reactions to external stimuli the number of the spontaneous 
movements of worms is small. Only where associative 
memory is present do the spontaneous changes step into the 
foreground numerically. 

5. Whether the sensations of pleasure and pain are pos- 
sible without consciousness cannot be decided absolutely. 
If it is permissible to consider the reactions of a frog when 
its skin is touched with acid, or the bending of a worm 
when one steps on it, as an expression of a sensation of pain,* 
our experiments show that all pieces of a worm are capable 
of the sensation of pain. It is worthy of notice, how- 
ever, that the reactions pointing to sensations of pain are 
weaker in Planarians than in Annelids, or may be lacking 
altogether. 

6. One might be led to believe that the reflex motions 
in higher animals det)end to a higher degree upon the 

1 W. W. Norman has since shown that this is not permissible. The problem is 
more fully discussed in my book on the Comparative Physiology of the Brain. [1903] 
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Btmcture of the central nervous System than in lower ani- 
mals. The fact that Planarians continue to react upon 
light if their brain is removed , or that Ciona continues to 
ßhow its characteristic reaction after the loss of its ganglion 
seems to suggest such an idea. But it would be false, never- 
theless. The contraction of the iris of the eye, if stronger 
light falls into the latter, is a typical reflex action^ called 
forth through the effect of the light upon the retina. If, 
however, the reflex center is destroyed or the iris cut out, 
an increase of the intensity of the light which strikes the 
iris continues to cause a cDntraction of the iris. This fact 
is known for frogs and eels, and I have observed it in sharks. 
It is probably true for mammalians also. The reflex act 
therefore may serve here, aa in Planarians, for the greater 
conduction of stimuli. 

When a dog, whose spinal cord has been cut, is Ufted m 
that its body hangs down vertically, a jjeeuliar fact can be 
observed, as Goltz has shown* The legs are thrown into 
pendulum -like motions resembling walking motions. These 
motions are produced by the passive stretching to which the 
akin on the ventral side of the hip- joints is subjected through 
the weight of the legs» These pendnlum4ike motions are 
comparable to the reflectory contraction of the longitudinal 
muscles of the earthworm when its skin is stretched. This 
reflex would suffice to call forth co-ordinated walking motions 
in the dog whose spinal cord is severed, if such a dog were 
only able to stand on its legs. The walking motions of the 
anterior legs would produce periodically the stretching of 
the skin which is required for the locomotion of the posterior 
legs. The difference in the behavior of a dog with severed 
spinal cord and an earthworm with severed gangUomc chain 
in regard to co-ordinated locomotion is therefore less deter- 
mined by the differences in the function of their central 
nervous system than by differences in the structure of their 
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peripheral organs of locomotion. If the dog possessed, in 
the place of its high legs, short bristles like the eariihworm, 
the dog with severed spinal cord would continue to make 
co-ordinated progressive motions as the earthworm in 
Friedlander^s experiment 



XV 

THE PHYSIOLOGICAL EFFECTS OF LACK OF OXYGEN ' 

h IJiTBODUCTION 

MoBE than a century ago Spallanzaiii published his ob- 
sen^ntions on the effect of ßtaguaat air Ufiou anunale and 
plants. Spallanzani introdueed urganistug into hermetically 
sealed vessels of various ßizes (which were, however» filled 
with air), and found that the smaller the vessel, the earlier 
did all life ceaee to exist in it- He also observed that differ- 
ent organisms show an unequal resistance to lack of air. 
As the most remarkable case he cites Anguillula aceti: 
**They live and multiply prodigiously where the volume of 
air does not exceed three inches; and die in several days 
only, when confined in a tube where the vacuum is less than 
an inch,'*^ 

The further experiments on the same subject have fully 
confirmed the observations of Spallanzani, Bimge, in his 
well-known treatise on the respiration of mud-dwelling 
orgauisnis, concludes that apparently **all transitional 
stages exist in the animal kingdom from the anaerobic 
uuicellular organisms up to the most highly organized 
animals with a most energetic demand for oxygen," ' 

A series of brilliant observations have served to elucidate 
the chemical side of these phenomena. It is an established 
fact that carbon dioxide can be produced in on organism 
without the presence of oxygen. Hermann has shown that 
the excised muscle of the frog is able to do work and to 

t Pßü^ra Arekiv, VoL IXtl U^^^)* P^ ^^^ 

1 Sf Al^LANKAlft, TfQctt qf ihß Naiurtil HUi^rif qf AnimaU and VeffciabieA. 
i Zeitschrift für phifaioloffiäche Ck^niie^XuL XU 
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produce carbon dioxide without containing oxygen that can 
be exhausted by an air pump/ Pflüger* and Aubert* have 
shown the same to be true for the living frog. No one 
doubts that we are dealing with phenomena of splitting 
in these cases, which are at the same time the source of 
energy and the source for the motions, and the other physi- 
ological functions that go on in the vacuum. The differences 
observed by Spallanzani and Bunge in the length of time 
that animals live without oxygen may therefore be explained 
by assuming that different forms of animals contain different 
amounts of hydrolyzable substances. As soon as this 
material is used up "the clock stands still." Oxygen plays 
the role of replacing the substances capable of undergoing 
splitting which have been used up. 

By calculating the energy obtainable by the hydrolysis 
and by the oxidation of carbohydrates Bunge has rendered 
it probable that in the higher animals the production of 
powerful work is not caused by hydrolysis alone, but by 
hydrolysis and oxidation. According to this, lack of oxygen 
could at once reduce the capacity for work of an animal by 
limiting it to the energy which can be obtained from 
hydrolysis, 

Hoppe-Seyler was the first to suggest a chemical theory 
for the processes of oxidation which occur in the living organ- 
ism.* He believes that, as in the process of putrefaction, 
reducing substances (such as hydrogen in the nascent state) 
are formed in all living cells through hydrolysis, and that 
these substances, when atmospheric oxygen is present, tear 
apart the oxygen molecule. The free oxygen atom is then 
in the condition in which it is able to bring about the oxida- 

1 Unterauchunoen über den Stoffwechsel der Muskeln (Berlin, 1867). 

2 Pßügers Archiv, VoL X. a Ibid,, Vol. XXVI. 

* At the time I wrote this paper I was not familiar with the papers of Traube on 
the subject, which socm to give a more adequate presentation of the subject than 
Hoppe-Soyler's hyiwthesis. [1903 J 
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tions which are characteristic of living matter** If, how- 
ever, oxygen is absent, the chemical changes will be of an 

entirely different character, Componntla may be formed 
which are ptnsonous for the organism, Araki, for example» 
has shown that when oxygen is lacking considerable amounts 
of lactic acid and sagar appear in the urine. If the oxygen 
supply is normal, these comixjunds may also be formed from 
glycogen as intermediate products, but they are 8oon 
oxidized further. To the immediate consequences of lack 
of oxygen are therefore added those which are determined 
through the presence of lactic acid in the body — for ex- 
ample, a diminution in the alkalinity of the blood. The cells 
of the kidney are also altered, as evidenced by the albumi* 
nuria which results when oxygen is lacking,^ 

While there exists a comparatively largo number of in- 
vestigations concerning the chemical side of the effects of 
lack of oxygen (of which we h^ve mentioned only a few), 
we have very few hfoloffhnl observations ou the same sub- 
ject. Even careful search of the literature discloses little 
more than the fact that all animal life-phenomena cease 
sooner or later in the absence of oxygen, that in higher 
animals the phenomena of dyspnoea precede death, and that, 
m Kühne showed" the protoplasm becomes vacuolated and 
opaque and disintegrates. The observations made upon 
mountain disease may also be mentioned under this head- 
ing. It did not seem jx>ssible to me that these facts ex- 
hausted all the biological effects of lack of oxygen. The 
fundamental importance of oxygen for all life-phenomena 
rendered it probal^Ie, a pnori, that an accurate investigation 
would yield a seriei? of qualitative and quantitative changes 
in life* phenomena. Such an investigation is, of course, 

^ Zcifschrift fur phytiotoffische Otcmre^ VnL XIX« 
I Untt^rifuchmng^n Über das Proiopkuma^ lÄüW. 
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rendered diflScult by the fact that many animals soon die 
without oxygen, and I believe that this fact explains why 
this field has not thus far been the subject of more study. 
Still the duration of life is in most cases sufliciently long to 
demonstrate a series of such changes. Cope[xxis are, for 
example, exceedingly sensitive to lack of oxygen ; I know no 
other cold-blooded animals that die so rapidly without 
oxygen. Yet it is possible, as we shall see, to show definitely 
even in these animals that lack of oxygen affects their helio- 
tropic sense in a most remarkable way ; when deprived of 
oxygen negatively heliotro[)ic Copepods become positively 
heliotropic. 

Another consideration shows the im[)ortance of such inves- 
tigation. Physiological chemistry alone may suflice to dis- 
close the general sources of energy in animals. But the 
question as to how chemical energy is converted into the 
physiological activities of muscles, glands, etc., can of course 
not be answered by purely chemical researches. Molecular 
physiology must here bridge the chasm between the chemi- 
cal changes and the outwardly manifested physiological 
activities of the organs. A complete understanding of the 
energetics of animals is not possible so long as we have no 
conception of the molecular changes which are brought 
about through processes of oxidation. It therefore seemed 
of importance to see whether such changes manifest them- 
selves when oxygen is taken away. In this way arose the 
experiments detailed here on cleavage without oxygen, which 
I began three years ago, and which I discusscni in a short 
note which appeared in Pflügers Archiv two years ago.* I 
directed my attention to processes of segmentation because I 
considered these phenomena especially favorable for obtain- 
ing facts for a molecular physiology. 

When we find that a physiological function is impossible 

1 Pflügen Archiv, Vol. LV, p. 530. 
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without oxygen, we are inclined to imagine that the giren 
organ or organism lacks the necessary energy for performing 
this function. If we remember, however, that the c*onver- 
sion of chemical into the physiological function depends 
upon definite molecular conditions in the cells (state of mat- 
ter, osmotic pressure, surface tension, phenomena of spread- 
ing, etc.), another explanation is fKissible, a priori: the cells 
are still able to produce the energy necessary for the physio- 
logical functions of the organ, but lack of oxygen led to 
molecular changes in the cells which prevented the conver* 
sion of the chemical energy into mechanical or other forms 
of energy. So far as I know^ there are as yet no facts at 
band to supjxirt such a view* Yet the following experi- 
ments, I believe, have led to positive results in this direction: 
for we can show that the eggs of Ctenolabrus and sea-nrchin 
cannot segment without oxygen, and that, moreover, the 
already formed cleavage-cells of these eggs, especially those 
of Ctenolabrus, undergo certain structural changes when 
deprived of oxygen, which cause the cells to fuse together. It 
is possible that in this case we deal with a liquefaction of the 
inrnihranc or the specific surface film of the cleavage-cells, 
and furthermore that the imixissibility of the formation of a 
membrane in the aljeence of oxgen is why no cleavage occurs 
under these conditions. But no matter what one may 
assume regarding the formation of a membrane, it is clear 
that when separate cells fuse in the al>sence of oxygen, it is 
not to be expected that the unsegmented egg will be able to 
divide under these conditions. But those cells which have 
fused are by no means dead. When they are again supplied 
with air, segmentation sets in anew. We therefore see that 
the structural changes resulting from the absence of oxygen 
suffice to explain the failure of segmentation, and that it is 
not necessary in this case to attribute the latter to a failure 
of the source of chemical energy. This conclusion is further 
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supported by the fact that the eggs of Fundulus in which 
such structural changes do not occur in the absence of 
oxygen even after twenty-four or more hours, continue to seg- 
ment for more than twelve hours in the absence of oxygen. 

What we are going to show for cleavage holds also for 
other life-phenomena, for example, the activity of the heart. 
We find that the heart of the Ctenolabrus embryo comes to 
a standstill so quickly after the oxgen has been withdrawn 
that it is impossible to think that the source of the energy 
for the beating of the heart has given out, while the heart 
of the Fundulus embryo continues to beat for many hours 
under similar conditions. It is possible that in this case 
also structural changes occur which are similar to those 
which we are able to observe directly in the cleavage-cells. 
These changes render impossible the transformation of 
chemical energy into mechanical energy in the contraction 
of the heart of the Ctenolabrus embryo. 

Such molecular changes as manifest themselves by struc- 
tural changes can be brought about just as well through 
processes of reduction due to the lack of oxygen as through 
the injurious compounds which may be formed in the absence 
of oxygen. 

The facts which we obtained by the biological study of 
the effects of lack of oxygen may also again be of importance 
to the physiological chemist. We shall meet with some 
facts in this paper which will serve to illustrate the view of 
Bunge that in all probability the greater part of the energy 
necessary for considerable work of the muscles is furnished 
through processes of oxidation (and not through processes of 
hydrolysis). The frequency of the heart-beat of the Fundu- 
lus embryo decreases steadily during the period during 
which oxygen is withdrawn, until it reaches the minimum (of 
about twenty beats per minute), when all the oxygen has dis- 
appeared. But the heart can beat for ten hours at this rate 
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at a temperatnre of 22^ C, ia the entire absi^oce of oxygen. 
This looks, ijideed, as if the energy for a certain small tmrn- 
ber of beats coald 1»b famished through hydrulysie alunt% but 
that for a larger numljerof heart-beats (alj<:>ut 120) the energy 
is obtained, in the presence of oxygen^ through oxidation. 

11. OS THE METHOD OF THE EXPERIMENTS 

In the following experiments on the effects of lack of 
oxygen, the oxygen was always displace by hydrogen ; the 
latter was freshly prepared from zinc and sulphuric acid for 
every experiment. The gas was washed thoroughly through 
two bottles of potassium hydroxide, one of potassitim per- 
manganate, and one of waten The hydrogen obtained in this 
way was entirely odorless* Before the experiment was bc*gnn, 
all air was driven out of the ap[>aratua The animals ex- 
perimented upon were kept in an Engel mann chamlier which 
permitted of direct microscopic observation. 

In this method one fact is to be emphasi2ed, which I have 
not seen mentioned elsewhere» When the living tissue upon 
which we wish to test the effects of lack of oxygen is placed 
in the Engel mann chamber» our judgment of the results is 
Bubject to the criticism that wo do not know the exact 
moment at which the oxygen is all driven out of the liv- 
ing specimen. The resistances to the diffusion of oxygen 
out of the protoplasm are very great, and it may take con- 
siderable time before all the oxygen is removed* As long 
aB we find that the phenomena whose dependence upon 
oxygen we wish to study cease iinnwdiaMy after the 
hydrogen is passed through the gas-chamber, this ditE- 
culty is less marked; for even though in this case not all 
of the oxygen had been driven out of the organism, it 
would show only that the (:)articular function which is being 
Btudied aln^ady ceases at a diminution of the oxygen su|jply, 
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different, however, when the function which we are study- 
ing does not cease immediately. We are then unable to 
say whether the transitory persistence of the function shows 
that not all of the oxygen has been driven out, or that 
the given function is not directly dependent upon oxygen. 
Things of this sort confront us when we attempt to decide 
whether cleavage is possible without oxygen. We find 
that when sea-urchin eggs are placed in an Engelmann 
chamber immediately after fertilization, and we begin to 
pass hydrogen through it, the eggs nqt only cleave into 
two, but often even into four, cells ; but this cleavage occurs 
within the first fifty or eighty minutes after fertilization, and 
it might be thought that it takes a longer time than this to 
drive out all the oxygen. To be certain on this point in 
such cases, I made use of the following procedure: I in- 
troduced the eggs in which I wished to study the depend- 
ence of cleavage upon oxygen into an Engelmann chamber 
which was kept on ice. Hydrogen was then passed through 
the apparatus. The low temperature inhibits cleavage. In 
order to discover when I could take the eggs off the ice, and 
know that the objection could no longer be raised that the 
eggs still contain oxygen, I introduced a second gas-chamber 
into the circuit. This contained eggs of the same culture, 
and through it I passed the same current of gas as that 
which went through the first. The second, control, chamber 
was not put on ice. As long as a trace of cleavage continued 
in this control chamber, there was reason to suspect that not 
all the oxygen was driven out. As soon, however, as cleavage 
ceased, it seemed reasonable to assume that, even though not 
all the oxygen had been driven out of this chamber, the por- 
tion which remained behind was no longer sufficient to start 
cleavage. It must be remembered, however, that the eggs 
kept on ice had not lost as much oxygen as the control eggs 
during this time, for oxidation did not occur as rapidly in the 
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former as in the control eggs. It was therefore necessary, 
after cleavage had ceased in the contnil eggs, to pour the 
current of hydrogen through the Engelmann chamber for 
aome time before the eggs to be experimented upon were 
removed from the ice, and the real experiment was begun. 
The objection might be raised that the prevention of 
cleavage through the ice injared the eggs. I guarded 
against this objection by the following control experiments: 
First of all the eggs were again exposed to the air after the 
completion of the exi^riment, and their cleavage observed. 
If this took place in a normal way, its absem^ in the lack 
of oxygen could not have been the effect of the cooling. 
Secondly^ another portion of the eggs of the aame cul- 
ture were put upon the ice at the same time and for the 
same length of time as the eggs used in the experiment, 
only they remained exposed to the air* I will state at once 
that these eggs always segmented when brought back to 
room temperature. During the entire time of the experi- 
ment hydrogen passed uninterniptedly throttgh the Engel- 
mann chamV>er, not only to guard against possible leaks in 
the apparatus, but also to remove the carbon dioxide formed, 
The latter is absolutely necessary. 



in. RESEGMENTATION OF THE CTEN0LABBU8 EGG WITHOUT 

OXYGEN 

The older experiments of Spallanzani, Dutrochet, Satis- 
sure, and Bchwatin had already established the tact that in 
permanent lack of oxygen the develop men t of plants aud of 
animal eggs is im|x>8sible* Paul Bert added to these ob- 
servations the fact that when the air contains only 3*4 j)er 
cent of oxygen certain plants cease to germinate* In these 
experiments, however, the question as to whether cell- 
di vis ion is at all pcnssible without oxygen was not touched 
upon. Three years ago I began exiieriments on the eggs of 
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Fundulus which showed that the egg not only segments 
when oxygen is removed by pyrogallol, but even continues 
to develop for about sixteen hours. Demoor, who was un- 
familiar with my experiments, began experiments on Trades- 
cantia cells in which he found that a cell-division which had 
already started at the time that the oxygen was being 
removed continues to the completion of nuclear division, 
but that the subsequent cell-division does not occur. He 
concludes from this, first, that cell-division is impossible 
without oxygen, and especially that without oxygen the cell- 
membrane cannot be formed; and, secondly, that the nucleus 
may divide without oxygen, that it is anaörobic* I have in 
a previous paper pointed out the incorrectness of the second 
conclusion. 

My own experiments, which I will give here, were made 
on fish eggs (Ctenolabrus and Fundulus) and sea-urchin 
eggs. 

The egg of Ctenolabrus, a marine Teleost, is perfectly 
transparent and free from pigment, and the changes which are 
described in the following pages can be studied with great 
accuracy under the microscope. The eggs which were used 
in the following experiments were always fertilized artificially 
in the laboratory. 

If the freshly fertilized eggs of Ctenolabrus are intro- 
duced into an Engelmann chamber, and care is taken that all 
the air is driven out of the apparatus before the experiment 
is begun, and the stream of gas is maintained, the eggs 
cleave, without exception, into two cells, and in most cases 
even into four cells. Occasionally they even go into the 
eight-cell stage. If the eggs are introduced into the gas- 
chamber not immediately after fertilization, but in one of 
the later stages of cleavage, two or three divisions of all the 
cells still occur. 

1 Archive de biologic, Vol. XIII, 
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Must we now assume that Ctenolabnis is able to divide 
two or three times without oxygen? The first cleavage of 
the Ctenolabrus egg occurs in from fifty to seventy minutes 
after fertilization, according to temperature; the second, 
about fifteen to thirty minutes later. It is entirely possible 
that even in a strong current of hydrogen all of the oxygen 
is not driven out of the eggs in so short a time. In order 
to settle this j>oint, I made a long series of experiments in 
the manner described above, in that I introduced the eggs 
immediately after fertilisation into two gas chambers, one of 
which was kept on ice, while the other was exposed to nxjni 
temperature, and passed the same stream of hydrogen 
through both. I will describe a few of these experimenta 
here. In order to be brief, I will call the eggs ujxjn the ice 
the experimental eggs, the others the control eggs. 

In one experiment the control eggs divided int^ two cells 
fifty minutes after fertilization, when the ex|*erimental eggs 
were removed from the ice, while the stream of hydrogen 
was kept up uninterruptedly. In thirty minutes the first 
cleavage occurred in the expt^rimental eggs. At the same 
time the control eggs weut into the four-cell stage, and 
twenty-five minutes later the experimental eggs also went 
into the four-cell stage. Cleavage then ceasetl in both 
chaml>er8. Even though hydrogen had been conducted 
through the chaml>er containing the ex|>erimental eggs, 
which had been kept on the ice for a long time before 
the beginning of cleavage, and the oxygen had probably 
been driven out more thoroughly tlian in the control eggs, 
cleavage nevertheless occurred in the same way in both. 
There was only one difference; all the control eggs reached 
the four -cell stage, while about 25 per cent of the ex- 
perimental eggs remained in the two-cell stage. 

In another ex[>enment the ex[ierimental eggs remained 
for one hour and forty minutes on the ice* During the first 
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hour all of the control eggs had developed into the two-cell 
stage, but did not go any farther. When exposed to room 
temperature, an incomplete division occurred in a small 
number of the experimental eggs after thirty minutes. 
Only a suggestion of a membrane dividing the two cells 
was formed; the peripheral cell-membranes were not formed. 
The process then came to a standstill. That this result was 
attributable to the lack of oxygen, and not to the prolonged 
stay in the cold, was shown by the fact that when, after 
some time, the gas-chamber was opened, vigorous cleavage 
set in in all the eggs after thirty minutes. 

The experimental eggs in a third experiment remained on 
the ice for two hours. The control eggs reached the four- 
cell stage within the first eighty minutes. Cleavage then 
ceased. When the experimental eggs were taken from the 
ice, not a suggestion of cleavage set in during the following 
eighty minutes. Air was then admitted. All the eggs be- 
gan to divide in thirty minutes. 

I obtained the same result in more than ten further ex- 
periments. With the exception of the fact that in an occa- 
sional egg among hundreds an intimation of a dividing 
membrane was visible, no cleavage whatsoever occurred 
when a vigorous stream of hydrogen was led for two hours 
or longer before the beginning of the experiment through 
the gas-chamber which contained the experimental eggs and 
was kept on the ice. Yet the same eggs all divided within 
half an hour when later exposed to the air. 

It might be thought that lack of oxygen only markedly 
retards cleavage, but does not bring it to a complete stand- 
still. Yet it did not matter how long one waited — cleavage 
never occurred in the gas-chamber in the case of lack of 
oxygen, when all the oxygen had been driven out. 

Furthermore, I ascertained that when any segmentation 
whatsoever occurred in a weak stream of hydrogen, it always 
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occmred at tlie same time as (or earlier than) in the egge 
from the same culture kept in oxygen, // the mmiitwm 
fimount of oxygen necessarif for cleavage is prescHt^ the 
velocHy of the ülearage is fiftmction of the iemjyerafure and 
not of the amount of o^j^gen present. It is important to 
emphasize the fact that lack of oxygen at room temjierRture 
does not retard cleavage, a& does a reduction in the tempera- 
ture. 

Finally, I convinced myself of the fact, through a special 
series of experiments, that prolonged exi>osure to cold does 
not diminish the power of the egg to divide. I allowed a 
tüeak current of hydrogen to i>as8 through a gas-chamber 
which remained on ice for four hours. When I then ex|>osed 
the eggs to room temperature and continued to pass the 
game weak current of gas through the chamber, all the eggs 
divided. The majority reached the four-cell stage, and a 
few even the eight-cell stage. Cleavage then ceased. If 
not all the oxygen is driven out, cleavage prüportionate to 
the amount of oKygeii present still occurs in Bpite of the 
prolonged cooling. We are, tht^efore, jtistißed in a:/nclH(i' 
ing that when idl the oxggefi which it is possihle to remove 
from the Ctenokibrim egy is driven out^ no complete cell- 
tlivision can occur. 

The question now arises in how far a division of the 
nucleus is possible iu such an egg. At the surface of the 
Ctenolabrus egg a series of visible changes occurs before the 
first cleavage. In the center of the nucleus several droplets 
of a strongly refractive substance collect, which increase in 
number and size, then coalesce, to resolve again into a large 
number of minute droplets just before cell-division. These 
droplets probably play a rOle, as we shall see latere in the 
process of cell-division. It is jKJSsible, but not proved, that 
their formatiou is a function of karyokinesis. These 
changes in the strongly refractive substance also occur 
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when all the exhaustible oxygen has been removed so that 
cell-division is no longer possible. The energy necessary 
for these changes must probably therefore be obtained from 
processes of hydrolysis. 

One might be tempted to believe that the nucleus could 
continue to divide without oxygen, while the cell remains 
undivided — a phenomenon I discovered in sea-urchin eggs, 
when they are brought into sea- water of a certain concentra- 
tion. In such eggs the number of nuclei steadily increases, 
but no cell-division occurs. But such phenomena certainly 
do not take place in the absence of oxygen. Eggs were 
freed from oxygen by passing hydrogen over them for two 
hours while on ice. They were then exposed for one hour 
to room temperature, while the flow of hydrogen was not 
interrupted. No cleavage had occurred. The eggs were 
then killed and sectioned. It was imjwssible to find more 
than one nucleus in these eggs; this was, however, in a 
number of instances undergoing mitosis. The experiment 
was repeated with the same result. One mitotic division 
may therefore occur without oxygen, but no more. 

If eggs which have been freed from oxygen for a suffi- 
ciently long time while on ice, and which have shown no 
evidence of cell-division when exposed to hydrogen for an 
hour at room temperature, are exposed to the air, they all 
divide in the course of thirty to fifty minutes. But they do 
not then first divide into two cells and later into four, but 
immediately into four — occasionally into three or five cells. 
This also occurs when a strong stream of hydrogen is sent 
through the gas-chamber for three and a half hours at a low 
temperature before the experiment is begun — under condi- 
tions therefore when, in all probability, all of the free oxygen 
has been removed from the eggs. Two divisions of the 
nucleus therefore always occur — one in the hydrogen, and 
one after the admission of air — before the first cell-division 
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is inauguratefL This marked retardation of cell-diviöion 
bas its basis in peculiar molecular changes, which we will 

discuss in detail in the following sections of this paper. 



IV. THE FUSION OF CLEAVAGE -CELLS THBOUGH LACK OF 

OXYGEN 

The fact that the egg of Ctenolabnis is not able to seg- 
ment without oxygen may he due to one of two causes: 
first, processes of oxidation might be the only source of 
energy for segmentation ; second, it might be }>o&sible that, 
even though enough chemical energy for segmentation can 
be obtaixied from hydrolysis, yet this chemical energy 
cunnot be connected with the chemical energy necessary 
for cleavage t>ecau9e of the structural changes brought 
about by the lack oE oxygen. Demoor concludes from his 
experimeota on Tradescantia that no cell-wall is formed 
without oxygen, and that in consequence no cell-division 
occurs without oxygen. Demoor brings no positive proofs for 
his view. In the case of the Ctenolabrus egg, however, we can 
8how that structural changes occur in cleavage-cells, in con- 
sequence of which these cells fuse together» It is conceiv- 
able that the same structural changes must also hinder the 
Bi'gmentation of the freshly fertilized egg* The sketches. 
Figs. 103-8 were made with the camera lucida and were all 
taken from the same egg. The egg was fertilized at 10 a. m„ 
and immediately thereafter introduced into a gas-chamber 
and kept in a current of hydrogen. Cleavage took place in 
the normal way, and since the current of hydrogen was not 
very strong, even the eight-cell ßtage was reached (Figs. 
103-5). A series of degenerative changes then set in. At 
first a gathering of the strongly refractive droplets, which 
we have described already, was formed in the two main 
furrows (Figs. 104 and 105) and some furrows began to be- 
fx>me indistinct. Fifteen minutes later the greater jxirtion 
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FIG. 108 




FIG. 104 



of the peripheral cell-limits had already become invisible 
(Fig. 106), and after another fifteen minutes nothing could 
be recognized of the entire blastoderm except a collection of 
droplets which had fused into larger drops (Fig. 107). In 
the next two hours the latter only became more spherical, 

but otherwise under- 
went no change (Fig. 

108). The germdisk 

was optically still less 

visible than in the 

unfertilized egg. It 

therefore required 

only thirty-five min- 

täes afler cleavage 

came to a stop, for 
the complete liquefaction of the cleavage-cells of an eight- 
celled blastoderm. It is scarcely necessary to mention that 
the same process in various experiments took a little more or 
a little less time. 

What we observe here is found in every 

such experiment upon Ctenolabrus eggs, the 

only difference being 

in the form and the 

arrangement of the 

droplets of the 

strongly refractive 

material, which at 

times may form a 

more perfect cast of 
the old lines of cleavage than in the experiment described. 
Even when the oxygen is driven out so slowly that the egg 
has time to reach the sixteen- or the thirty-two-cell stage in 
the stream of hydrogen, the same series of degenerative 
changes occurs as soon as cleavage has come to a standstill. 





FIG. 105 



FIG. 106 
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The question now arises whether this liquefaetion or fusion 
of the cleaTage-cells occur« equally well aud with the same 
rapidity in eiH*ry Btage of development. Ab soon as the eggs 
have reached the sixty-four- or the oiie-hundred-flnd-twenty- 
eight-cell stage, the behavior toward lack of oxygen is some- 
what different While in an egg 
which is in the eight-cell stage the 
cells fuse in alxiut on© hour in the 
absence of oxygen, a liquefaction of 
the cleavage^cells also occurs in the 
eggs in the sixty-four- and one- 
hund red-ami- twenty -eight-cell stage, 
but only at the |>eriphery of the blastoderm, and even here 
müro slowly thnn in the cells in the 
earlier stages of segmentatiun» The ^ t J 
droplets of the refractive substance ** Uf 
appear in the furrows, but they ^^^^^^?^^tlif^¥#" 
smaller thwu in the eggs in an earlier W • ''i 

stage of development, and it is for this ® 

reason perhaps that large oil drops are 
formed less easily. Figs. 100-111 illustrate the process of 
liquefaction in such nn egg* The egg 
was put into the gas-chamber at 2:23 
o'clot*k while in the sixty-four-cell 
stage. At this time it^ shajie was 
sketched with the camera lueida 
{Fig. 109), The outlines of the cells 
within the blastotlerm are not shown. 
The segmentation at first continued« 
FIQ. 1C0 ^t 4 o'clock liquefaction was very 

distinct at the periphery. It occurred in this way that in 
individual cells at the periphery of the blastoderm the 
outline at first becomes invisible, after which the entire 
cell gradually disap|)ears. Through this disap|>earance of the 
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cells at the periphery the blastoderm becomes smaller (Fig. 
110). At 6:35 o'clock the liquefaction of the cells at the 
periphery had progressed much farther (Fig. 111). The 
diameter of the blastoderm was only a little more than three- 
fifths of the diameter the egg possessed four hours earlier 

when it was in the sixty-four-cell 

stage. Around the blastoderm lay 

granular masses, which were in all 

probability the remains of the lique- 

{\ ^ fied cells. Soon thereafter a change 

(shrinking?) occurred in the yolk, 

which served to close the experiment. 

The disappearance of the cleavage- 

fig. 110 cells occurs more slowly therefore in 

the later stages of development than in the earlier stages of 

development. 

It may be of interest to raise the question: In what do 
these peculiar structural changes consist which lead to the 
fusion of the cleavage-cells in the absence of oxygen ? If 
we wish to answer this question, we must acquaint ourselves 
more fully with the history and the significance of those 
peculiar refractive substances which appear in droplets. 
Soon after fertilization, before the union 
of the pro-nuclei, one observes in the center 
and upon the surface of the germ the 
appearance of several strongly refractive 
droplets. These undergo, as has already 
been said, a series of changes, of which 
the most remarkable is this, that shortly 
before the first cleavage a single system 
of radiations coming from a common center is formed, which 
looks very much like the radiations about a centrosome. 
These radiations might be a process of emulsion, for the radii 
break up very rapidly into small droplets which are strongly 
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refractive, and soon thereafter the center also breaks np into 
such dropleta As soon as the blastoderm divides, these drop- 
k*ts are found distributed over the entire surface, collected 
especially thickly along the furrow between the two cellsu 
Before the next cleavage occurs, these droplets again arrange 
themselves in a line which corres[)onds to the nest furrow (Fig. 
103,€/), In the process of segmentation part of these droplets 
disap|}ear. This fact, in conjunction with a series of other facts, 
with which we shall become acquainted in the next section of 
this pai)er, leads me to suspect that this strongly refractive 
substance ser\^es for the formation of the membrane of the 
cleavage-cells of the Ctenolabrus egg.' That such a membrane, 
or at least a solid surface layer, covers the cleavage-cells of 
the Clenolabnifi pgg immediately after a cleavage is completed 
I have observed directly; for folds are often formed ou the 
surface of the cells, which are esjiecially distinct immediately 
after a cell-divisiQn in the furrow (Figs. 104 and 105,/}. On 
the assumption of the existence of a membrane our observa- 
tions can be expressed in a simple way* In the absence of 
oxygen the membranes of the cleavage-cells are liquefied and 
this brings about the fusion of the latter. The material of 
which the ccll-walb were formed flows together in droplets 
which coalesce into larger drops in the center of the germ- 
disk* This liquefaction of the material of which the mem- 
brane is formed also renders cell-division im[x>a8ible in the 
case of lack of oxygen. The assumption of the existence of 
a membrane, or at least of a s[)eeiflc surface film, in animal 
cleavage -eel Is also brings the mechanics of cell- division in 
animals and in plants into better harmony« 

The fact that in the processs of cleavage the droplets 
always collect along the plane in which cleavage is to occur 
later is, as I would suggest in passing, a corroboration of 

1 It ifi now generali J asgumed that the «urfaco film of cfiUs is formed by lipoids* 
The otitical appttarance of the droplets mentioned la Ituttext i# mdned lh«t <d n 
fatty äUbätaao.t. [1ÜÜ3] 
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the view I expressed a short time ago on the mechanics of 
cell-division.* I imagine that as soon as the nucleus divides, 
vortex motions take place about each of the two daughter- 
nuclei, which leads to a tearing apart of the cell-contents ; in 
other words, to cell-division.* If this assumption is correct, 
movable particles must collect where the two vortex motions 
meet — that is, along the lines in which cleavage is to occur 
later. We indeed find this to be the case in the Ctenolabrus 
egg, and also in such eggs as carry pigment at their 
surfaces. 

These vortex motions carry the droplets to the place where 
the next cleavage is to occur, and where they are necessary 
for the formation of a membrane — a remarkable example of 
that "purposeful" interaction between mechanical conditions 
which we meet so often in processes of development. 

We see, therefore, that molecular changes — apparently a 
liquefaction and an emulsion of the membrane or the surface 
film of the cleavage-cells — occur in the case of lack of oxygen 
which gives an adequate explanation of the fact that no 
cleavage occurs in Ctenolabrus eggs without oxygen. But 
the fact that nuclear division also soon comes to a standstill 
indicates that changes corresponding to those in the mem- 
brane must also occur inside the cells. 

V. REVERSAL OF THE EFFECT OF LACK OF OXYGEN UPON 
ADMISSION OF AIR 

When an egg whose entire blastoderm has become invisible 
in hydrogen is again exposed to air, the changes which 
ensue differ according to the length of time during which 
the eggs have been exposed to the current of hydrogen. If 
the egg remains too long without oxygen at room tempera- 

1 Archiv für Enticicklungsmcchanik, Vol. I. 

s I find in this case, as in that of all hypotheses, that they do not gain in attract- 
iyeness with Krowiug age. Conklin, though, has accepted the hypothesis of yortex 
motions and Butschli has justly claimed priority for it. [1903] 
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FIG. 112 



iure, it dies. If the experiment is interrupted early — ^that 
is, when the cell-walk have just begun to become IndiBtinct 
— all, or at leaet a jmrt, of the cell-membranes again become 
visible upon admission of air» Under these circumötances, 
however, every cell usually divides, not 
into two, but into four cells which cor- 
responds with what has been said before. 
When we wait a little longer before 
admitting air, a circular blastoderm is 
at first formed in which no trace of cleav- 
age is visible. The blastoderm then sud- 
denly breaks 
up into a large number of cells at 
once, but euriouely enough this 
cleavage is confined, in most cases^ 
to the periphery of the blastoderm. 
In this case also the refractive sub- 
stance which haa been described 
plays a peculiar röla Figs. 112- 
17 represent 
the various 

stages of the renewed cleavage of the 
same blastoderm in which we studied 
the disappearance of the lines of cleav- 
age in hydrogen (Figs. 103-8), Fig, 
108 shows the condition of the blasto- 
derm in hydrogen at 2:10 o^clock. Only 
four large drofis of the refractive sub- 
stance, surrounded by droplets of smaller 
size, permit one to recognize the place 
At 2:18 pure oxygen was sent through 
iVt first the smaller droplets separated 
from the surface of the large droplets and moved towaitl 
w4iat had l>een the periphery of the blastoderm. (Previously, 
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of the blastoderm 
the gas-chamber. 
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during the liquefaction of the cell-walls, they had moved 

toward the center of the blastoderm.) 

At 2:35 a unicellular spherical blastoderm became visible 

(Fig. 112). The larger central drops gradually broke up 

into minute droplets, which often 
arranged themselves in a ring 
about the periphery of the blasto- 
derm (Figs. 113, 114). Then forty- 
five minutes after the admission of 
oxygen, cleavage began. It occur- 
red only at such places where the 



FIG. 115 




tiny droplets have collected, 
namely, at the periphery. The 
periphery broke up into about 
eighteen cells at once (Fig. 
115). These cells about corre- 





FIG. 116 



spond in size with those 
^ found normally in the 
thirty-two to sixty-four- 
cell stages. The center of 
the blastoderm did not 
segment, with the excep- 
tion of one spot where the 
outlines of two cells be- 
came visible. I had noticed previously a small collection 
of the refractive droplets at this ]:)oint. 

Still another relation between the distribution of the 
droplets and segmentation is noticeable. If the reader will 
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compare Figs. 114 and 115 he will notice that more cleavage- 
cells are farmed in the four sectors which lie between the 
four large drops, and which contain the larger number of 
small droplets at the jieriphery, than in the four sectors which 
contain the large droi>8 and a smaller number of small drop- 
lets. This relation may be accidental, but I may Ix* allowed 
to st^te that when Fig 114 was formed I exi>ected from my 
earlier observations precisely that ty[)e of cleavage which is 
shown in Fig, 115. 

The cells formed at the periphery continued to divide, 
while the center remained undivided. The two cells which 
had first been perceived there disappeared again. The four 
central drojis became steadily smaller, and one of them broke 
up entirely into small droplets, as if a j^Iow emulsictn ttiok 
place (Fig, 117, e). In this way the blastoderm changed, 
within fifty minutes, from the condition Bhown in Fig. 115 
into that shown in Figs, 1U^ and 117, De^^elopment then 
ceased. The long exposure to lack of oxygen at a relatively 
high temperature led to an early death of the germ. 

The phenomena shown in Figs* 112-17 are typical The 
exceptions which one enconuters are connected with differ- 
eaces in the behavior of the small droplets of the strongly 
refractive substance. In this connection I must mention the 
fact that a small percentage of the eggs also showed segmen- 
tation in the middle of the blastoderm. In these eases, 
however, I usually (if not always) found that not only the 
periphery, but the entire blastoderm, was studded with very 
minute droplets immediately before cleavage. The large cen- 
tral drops were then found to dissolve rapidly (emulsion ?). I 
also found in rare eases, thoughj that only one sector of the blas- 
toderm divided, while the rest remained undi\idetL In these 
cases also the small refractive droplets were usually collected 
in this sector. These facts all supjiort the idea that the refract- 
ivö substance forms the membranes of the cleavage spheres* 
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VI. THE effect of CARBON DIOXIDE UPON THE PROCESSES OF 
CLEAVAGE IN THE CTENOLABBÜS EGG 

If eggs are introduced into a current of pure carbon dioxide 
(which has been carefully washed), we must expect to obtain, 
besides the effects of mere lack of oxygen, the specific chemi- 
cal effects of the CO,. Even though everything indicates 
that the action of COg is qualitatively different from the 
action of simple lack of oxygen, such differences have only 
rarely to my knowledge, been demonstrated directly in the 
cell.* In the egg of Ctenolabrus, however, these differences 
are very striking. If freshly fertilized eggs are introduced 
into a stream of pure COg, no trace of cleavage occurs, even 
though the eggs are not kept on ice. Under similar external 
conditions the eggs kept in hydrogen divided two or even 
three times. The germs also die much more rapidly in 
CO J than in hydrogen. This constitutes, however, only a 
quantitative difference. A qualitative difference evidences 
itself, however, immediately that the air is replaced by a 
current of CO, in eggs in the two- or four-cell stage. In 
these experiments the eggs were kept in a drop of sea-water 
in an Engelmann gas-chamber. Amceboid movements {which 
wci'e first noticed at the j^eriphery of the drop) took place on 
the surface of the eggs in some ten to fifteen minutes, when 
a current of carbon dioxide was passed through the cham- 
her. Whether the whole protoplasm or only the superficial 
layer of the protoplasm takes part in these changes could 
not be determined. I have made a series of camera draw- 
ings of these movements, which I will reproduce here. 

Fig. 118 shows the outlines of the four cells of an egg at 
the beginning of the experiment. Fourteen minutes later this 
cell had the api)earance shown in Fig. 119. One of the four 
cells, that which was directed toward the periphery of the drop 
and first struck by the stream of carbon dioxide, sent out amoe- 

1 Seo LoEB AND Habdestt, Fflügera Archiv^ Vol. LXI. 
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boid pseudopodia. A few minutes later all of the cells sent 
out such pseudopodia, which soon became shorter, however, 
as if the substance of the pseudopodia had been torn, e. (/., 
through an emulsion (Fig. 120). The outlines of the germ 
then again became smooth, but not 
entirely so (Fig. 121), and finally the 
blastoderm gradually disappeared (Fig. 
122). The entire series of changes 
shown in Figs. 118-22 took about forty- 
five minutes. Besides these changes, 
another series 
took place in 
the blasto- 









fig. 119 



FIG. 118 

derm and the yolk, which, however, 
I am not as yet able to interpret, 
and which I therefore do not de- 
scribe, as their description would 
take up much room without at 
present being of 
any use. 

If eggs in an 
advanced state 

of division are introduced into CO,, 
a solution of the cleavage-cells occurs 
at the periphery just as in hydrogen. 

VII. THE EFFECT OF PÜBE OXYGEN 
UPON CLEAVAGE 

In embryological literature one 
at times encounters the statement 
that the processes of development in 
pure oxygen at atmospheric pressure go on differently from 
those in air. Demoor also states that nuclear division is 
accelerated in pure oxygen. 

Now, it is one of the established facts of physiology that 
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the consumption of oxygen is, within wide limits, independent 
of the partial pressure of the oxygen, and that it makes nor- 
mally little difference for the processes of oxidation whether 
we breathe air or pure oxygen. Still, in order to determine 
experimentally the action of pure 
oxygen upon cleavage, I made the 
following experiments. 

An inverted ten-liter bottle A 
(Fig. 123) was filled with pure oxygen. 
A long glass tube a and a short one 
b passed through the rubber stopper 
in the bottle. The glass tube a was 
connected with an Engelmann gas- 
fig. 121 chamber J. The short glass tube b 

was connected with a longer tube c, and the bottle B was 
filled at the beginning of the experiment with water. A 
second short glass tube passed through the stopper of the 
latter and was connected to the Engelmann gas-chamber //. 
The connecting rubber tube between A and B was filled 
at the beginning of the experiment with water and closed 
by a pinch-cock. As soon as the .••••- 

pinch-cock was opened the oxygen 
was driven out of A through the gas- j 

chamber / by the flow of the water J 

out of J5, and the same amount of air . ^••v 

was suctioned through the gas- / 
chamber 7/ into t^^ bottle B. In ; 
this way the effect of pure oxygen ..--•• 
could be compared with that of atmos- '^- • •*' 

pheric air. A few important but self- 
evident details in the arrangement of the experiment have 
been omitted in the drawing. 

In one experiment eggs which had been in tlie eight-cell 
stage, but the cleavage-cells of which had been fused by ex- 
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posure to a current of hydrogen, were introduced into both 
gas-chambers. I wished to determine whether the renewal of 
segmentation would occur more rapidly and differently in 
pure oxygen than in air. The result was that after fifty 
minutes cleavage occurred almost simultaneously in both 
gas-chambers and in exactly the same way. Cleavage 
occurred only at the periphery and the cells which were 
formed were about the size of those found in the thirty- 
two- or sixty-four-cell 
etfige, lu a second ex^jeri- 
ment cleavage occurred 
even a littk more rapidly 
in the air than in pure oxy- 
gen* For the rest things 
were about the same* 
Under these circumstances 
I saw no reason for con- 
tinuing these exi)erimente; 
they showed clearly enough 
that it does not 
matter, so far 
as the renewal 
of cleavage of 
liquefied Cten- 
ulabruö eggs 
is concerned, 
whether air or 
pure oxygen is 
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supplied to them. We found before that a lack of oxygen 
does not retard cleavage as long as cleavage is at all possible. 
In the same way an excess of oxygen does not accelerate the 
process. 

VIII. EFFECT OF LACK OF OXYGEN ON THE CLEAVAGE OF 
THE FUNDULUS EGG 

The eggs of Ctenolabrus have a lower specific gravity 
than sea-water, and therefore float at the surface of the 
water. Here they find the oxygen necessary for their devel- 
opment. If the eggs of Ctenolabrus with their great need 
for oxygen had a specific gravity large enough to cause them 
to sink to the bottom, they could scarcely develop in many 
places, since at the bottom of the ocean where processes of 
putrefaction are going on, the tension of oxygen is much 
less than at the surface. We may therefore expect, in gen- 
eral, that fish eggs which sink to the bottom of the ocean 
and develop there are much more independent of oxygen 
than the egg of Ctenolabrus. This is really often the case. 
The egg of Fundulus has a greater S]:)ecific gravity than sea- 
water and develops at the bottom of the ocean. I have shown 
that the egg of Fundulus can develop for some time in the 
absence of oxygen. In these experiments the eggs were 
introduced with a few drops of sea-water into a small glass 
tube sealed at its lower end, and this tube was put into a 
test-tube containing several cubic centimeters of an alkaline 
pyrogallol solution. The test-tube then was sealed at the 
top. The pyrogallol solution was prepared according to 
Hempel's directions, and the oxygen must have been ab- 
sorbed in a short time. Nevertheless, the eggs not only 
segmented, but they developed as far as normal eggs do in 
about fifteen hours after fertilization. A large blastoderm 
was formed which spread over a great part of the surface 
of the egg. 
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In order to be able to conipaie these resultQ with those 
obtained on the Ctenolabnis egg, I repeated the exj>eriinents 
on Fnndnhis, using the same method of replacing oxygen 
by hydrogen, and the same apparatus which had been used 
in the case of the Ctenolabrus egg* 

The results obtained were in entire harmony with our 
earlier findings. When freshly fertilized eggs of Fundulns 
are introduced into the Engelnvaun chamber, and a vigorous 
stream of hydrogen is passed through it, the eggs divide not 
only once» but continue to do so for fifteen to twenty hours, 
until a blastoderm is formed which extends over the sur- 
face of the egg. The result was the same when the eggs 
were put in an Engelmann chamber and kept for two and 
one-half or three hours on ice, during which time they were 
exj>osed to a vigorous stream of hydrogen. When the eggs 
were then exposed to room temperature, segmentation at once 
began and continued in a regular manner. During the 
entire course of the exjwriment hydrogen was [»ermitted to 
pass through the chamlx^r. 

As long as the number of the cleavage-cells was so small 
that they could be counted, it could be seen that develup- 
uient without oxygen occurred as rapidly as in oxygen. 
Wbether this holds also for later stages when cleavage 
approaches the standstill cannot be determined, as the cells 
are then too small to allow one to count them. Xot only 
cleavage, but also growth, of the blastoderm, that is to say, 
increase in area (at the expense of the yolk {?)j 1903) occurs 
in the absence of oxygen. The blastoderm grows from a 
small area to a large area on the surface of the yolk. 

If Fundnlus eggs are allowed to remain more than twelve 
to fifteen hours in hydrogen, the cells nevertheless do not 
liquefy, as is the case in Ctenolabrus in the absence of 
oxygen. Even after twenty-four hours no such phenomena 
ar© observable in the Fundulus egg, I have shown in 
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previous papers that such eggs do not lose their power of 
dividing even after being kept for three to four days with- 
out oxygen. On the other hand, I noticed a collection of 
the strongly refractive droplets in the furrows between the 
cells in Fundulus eggs also. Our observations on the 
mechanics of cell-division, therefore, seem to hold also for 
the Fundulus egg, only that the material for the surface 
layer of the Fundulus cells seems to be different chemically 
from that of the Ctenolabrus cells in that the latter in the 
lack of oxygen flows together into droplets, while the former 
undergoes no such structural changes. 

On the other hand, the Fundulus egg is very sen- 
sitive to carbon dioxide. If a current of carbon dioxide is 
passed through the gas-chamber in which are contained the 
freshly fertilized Fundulus eggs, not a single cleavage occurs. 
Furthermore, the eggs which have resided for only four 
hours in such a current of carbon dioxide have lost their 
power of development for all time. This is of great impor- 
tance in judging of the effects of lack of oxygen — it points 
to the possibility that the resistance of the protoplasm to 
lack of oxygen is not so very different in the Ctenolabrus 
egg from that in the Fundulus egg, and that only a second- 
ary molecular change — the disintegration of the surface 
layer of the cells into a number of droplets; — brings about 
a rapid destruction of the Ctenolabrus cells. 

This possibility is supported by another fact. I have 
pointed out in an article, which I have already cited, the 
remarkable indifference of the Fundulus egg to the concen- 
tration of the sea-water. This year Professor W. W. Nor- 
man made similar experiments in my laboratory upon the 
Ctenolabrus egg. In these it was found that the Ctenolabrus 
egg is almost as insensitive to an increase in the concentra- 
tion of the sea-water as is the Fundulus egg. 

I should not like to conclude this section without adding 
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a word on the importance of comparative methods in physi- 
ology. If w© had confined onr experiments to the Cteno- 
labruB egg, a generalization of the facte observed would 
have been as follows: Cleavage is impossible without oxygen* 
Had we confined our experiments to the Fnndulus egg, we 
should liave come to the opposite conclusion. In reality, 
conditions are such that in some forms a cleavage is pcjssible 
withput oxygen, while in others it is impossible. The same 
may be said regartling protoplasmic motion. I do not as yet 
consider it as settled that every muscle is able to do a large 
amount of work without free oxygen. 

IX. THE EFFECT OF THE REMOVAL OP OXYGEN ON THE 

SEGMENTATION OP SEA-URCHIN EGGS 

If freshly fertilized sea-urchin eggs are introduced into 
a gag-chftml>er and a strong current of hydrogen is sent 
through it, one cleavage always occurs, and sometimes two. 
If, however, before beginning the actual exj)erimeüt, all of 
the oxygen necessary for cleavage is driven out of the eggs 
and the gas-chamber (by placing the latter ujxm ice for two 
hours and sending a current of hydrogen through it), no 
cleavage occurs, even though we wait tix>m three to four 
hours. If after this the eggs are again exposed to air, 
cleavage begins in about forty to fifty minutes. But all the 
eggs first divide into two cells, and only a few divide at one© 
into three or four cells. The number of the latter ia not 
greater in the ex[>eri mental eggfi than in the normal eggs of 
the same culture. Such phenomena are very probably 
attributable to polyspermia. These facts show that m Beu- 
urchin eggs iieifher a tit vision of the cell vor of the nnck^is 
is posigibie irithottt o,rfßtjen. In this particular they behave 
like the eggs of Ctenolabrus* We must now raise the ques- 
tion: Is the inability of cleavage in sea-urchin eggs also 
the consequence of molecular changes which are brought 
about by lack of oxygen? This, indeed, seems to be the case* 
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If the eggs have divided into two or four cells, and the 
oxygen is then removed completely from them, the cell-limits 
become indistinct in about three hours. The cells then 
absorb water in consequence of the effects of lack of oxygen. 
The volume of the eggs increases, and the space within the 
membrane is soon filled uniformly with the protoplasm of 
the cleavage-cells. The outlines of the cell then become 
invisible, and the egg looks as if it had never divided. If 
oxygen is readmitted, the eggs cleave anew, if too long a 
time is not allowed to elapse. In many cases the old lines 
of cleavage reappear, but this is by no means always the case. 
The changes remind one of those in the eggs of Ctenola- 
brus, only that they occur more rapidly and more distinctly 
in the latter than in the eggs of the sea-urchin. 

The surface of the cleavage-cells of the Arbacia is pig- 
mented, and the pigment granules move upon the surface of 
the egg during cleavage. I do not doubt that by more care- 
ful study phenomena similar to those observed in the cleavage 
of the Ctenolabrus and the Fundulus eggs will be observed 
in the case of Arbacia also. 

The fact has been mentioned that, in general, the cleavage 
of the Fundulus egg without oxygen occurs not only just as 
rapidly as under normal conditions, but even a little more 
rapidly, as stated in my paper on "The Relative Sensitiveness 
of the Fundulus Embryos in the DiflFerent Stages of Devel- 
opment against Lack of Oxygen." In that article, however, 
I attributed this difference in time to the increase in tempera- 
ture brought about in sealing up the test-tubes used in the 
exi)eriments. Since I again noticed these changes this year, 
first in the Ctenolabrus egg, and later in the Arbacia egg, 
in an Engelmann chamber — where there was, therefore, no 
considerable increase in heat — I decided to determine by 
more careful experiments whether this difference in time is 
indeed dependent entirely upon differences in temperature. 
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or whether the altered metabolism in the initial lack of 
oxygen does not at first lead to a slight acceleration of 
cleavage. If the latter were correct, it would give a basis 
for the explanation of a very purposeful arrangement in 
organic nature, namely, the increase in respiratory activity 
in the lack of oxygen. For if lack of oxygen leads to such 
a universal change in metabolism that more energy is at first 
set free than under normal conditions, then the purposeful 
arrangement of the respiratory center is only a special case 
of a general property of protoplasm. 

Yet the acceleration of cleavage in the Engelmann 
chamber might also be dependent upon an increase in 
temperature. One source of this increase in temperature 
might be sought in these experiments in the heat produced 
in developing hydrogen from zinc and sulphuric acid. 
The gas was passed through four wash-bottles before reach- 
ing the gas-chamber, yet it might nevertheless have caused 
an increase in the temperature in the gas-chamber. To 
render this impossible or less possible the gas generator was 
packed in a vessel with ice before beginning the experiment 
From this the hydrogen was led through a bottle filled 
with chipped ice which was in turn again packed in ice. 
The first three wash-bottles were also kept on ice. The 
temperature of the last wash-bottle through which the 
gas passed before reaching the gas-chamber was carefully 
watched before and during the experiment. No increase 
in temperature was noted when the hydrogen was passed 
through it. 

The same water was used for the eggs in the gas-chamber 
that was used for the control eggs. Every decrease in the 
temperature of the latter through evaporation of the water 
was carefully avoided, and their temperature carefully 
watched. 

Cleavage in the eggs kept in the gas-chamber neverthe- 
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less preceded that in the normal eggs by three or four min- 
utes. 

The experimental eggs as well as the control eggs were 
fertilized at the same time and in the same dish with a large 
amount of sperm. The process of driving out the oxygen 
by hydrogen was begun some ten or fifteen minutes after 
fertilization. About half an hour later cleavage occurred, 
usually first in the gas-chamber. At this time all the oxygen 
was probably not yet driven out of the eggs, so that we were 
dealing only with a partial lack of oxygen. This partial lack 
of oxygen, therefore, often brought about an acceleration of 
cleavage equal to 6 to 10 per cent, of the time necessary for the 
first cleavage.' These experiments give one the impression 
that when lack of oxygen has reached a certain stage, a 
transitory increase in the development of energy occurs 
within the egg at first (through the formation of poisonous 
substances?). This increase in the development of energy, 
which, in the case of the respiratory center, is of enormous 
practical importance, therefore seems to appear also in such 
cases where its appearance is entirely unimportant, as in 
cleavage. I will not yet commit myself definitely to the 
statement that in case of a partial lack of oxygen a transi- 
tory acceleration of cleavage occurs; but to trace back 
the purposefulness of organized nature to the general chem- 
ical and physical properties of protoplasm seems to me 
much more promising than the assumption of natural 
selection. 

If we summarize the results of these experiments on the 
effects of lack of oxygen on cleavage, we find that in the 
Fundulus egg, where in the absence of oxygen no dissolution 
of the cell-walls of the cleavage-spheres occurs, cleavage can 
continue for more than ten hours without oxygen; while in 

1 1 am still inclined to beliovo that, in spite of all the precautions, the hydrogen 
had a slightly higher temperature than the air when it reached the v.. .-*. \ \\^i\ 
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the Cteiiolabnis, and eggB^ which cannoi cleave without 
oxygen, the surface layer of the cleavage -eel Is la liquefied 
and the cells fuse together. The latter fact seems to iixdi- 
cate that cleavage does not occur in certain eggs, because 
without oxygen profound molecular changes occur, which, 
among other things, prevent the formation of a membrane 
or a specific surface film* 

X- ON THE EFFECT OF LACK OF OXYGEN ON CÄBDIAC 
ACTIVITY IN FISH EMBfilOS 

The older experiments on the effect of lack of oxygen on 
the activity of the heart have in part led to strange results. 
Tiedemann, for example, found that when the heart of frogs 
or Balamanders is excised and kept under the bell of an 
air-pump, it ceased to beat in less than one minute when the 
air is rarified.^ CastelP came to more probable results He 
found that when the heart is cut out of the body of a frog 
and kept in an indifferent medium in the absence of oxygen, 
it may continue to beat for an hour. In the experiments of 
Pfiüger and Aubert, which have already been mentioned, the 
heart continued to beat after all the sfjontaneous movements 
of the animal had long ceased. 

The older authors had discussed the question as to whether 
oxygen does not have a direct stimulating effect upon the 
heart. This would, of course, explain why the heart ceases 
to beat when oxygen is lacking. Castell, however, f?howed 
that a heart which has ceased to l:>eat in an atmosphere free 
from oxygen will alst> not beat when stimulated by other 
means. The pa|>ers which have l>een cited in the introduc- 
tion give a more rational explanation of the role of oxygen 

' This phonomeDOn ls Itj^i^distLtict, atid therefore not *o eertnio» in the <*ir« of Arbn- 
cla a» to that of Ctfibulabm^. Drio^^ch iiuc^tioiis it in the !^a*uTchiQ egs, bill I mm not 
eeri&Ei] that hia exporiment^ itr« tdentical with mine« [ 10001 

a Archiv für Anatomie und Phy*i0iogi0, iSii, p, 4fl(X 

3 /bid.« 185^« p. 23a. 
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than that furnished by the assumption that the oxygen 
"stimulates" the heart. 

I was especially interested in comparing the eflfects of 
lack of oxygen on the beat of the heart in Ctenolabrus and 
Fundulus embryos. Does the same difference in behavior 
toward lack of oxygen exist here as in regard to cleavage ? 

The heart begins to beat and the circulation is estab- 
lished in Ctenolabrus embryos as early as forty -eight hours 
after fertilization. If such forty-eight-hour-old embryos, 
which are still contained within the eggs, are introduced into a 
gas-chamber through which a current of hydrogen is passed, 
the heart usually comes to a standstill in from three to ten 
minutes after the current of gas is turned on. The activity 
of the heart does not, however, gradually fall to zero, but the 
heart comes to a standstill suddenly when the number of 
heart-beats has decreased but little or not at all. In one case 
the heart beat about 90 times a minute before the hydrogen 
was admitted. Hydrogen was then passed through the 
gas-chamber, and after four minutes the heart still beat 89 
times; two minutes later it beat 78 times, and in the following 
minute 77 ; in the next minute the heart came to a sudden 
standstill. After hydrogen had been passed through the 
gas-chamber for only seven minutes, and when the number 
of heart-beats had fallen only from 90 to 77 — a slight de- 
crease only — the heart suddenly stood still; at that time 
blood was still circulating beautifully. 

In a second experiment the number of the heart-beats 
was 108 per minute at the beginning of the experiment. 
Two minutes after turning on the hydrogen gas the heart 
beat 105 times, and three minutes later 108 times a minute. 
During the next minute the heart stood still after having 
beaten 23 times in the first eighteen seconds of that minute. 
The heart stood absolutely still for four minutes, after which 
it gave a few weak pulsations. For the next three minutes 
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it again stood still, after which the heart beat rhythmically 
for one minute (38 beats in a minute), when it again ceased. 
A few irregular pulsations followed, and then everything 
was over. Sixteen minutes after turning on the current of 
hydrogen the heart had come to a complete standstill, but 
the embryo itself still moved at this time, and even five 
minutes after the heart and the circulation had ceased 
entirely the embryo still moved! 

In a third experiment the current of hydrogen was turned 
on at 11:26 A. M. The number of beats was 90 per minute; 
in the following minute it was 81, and in the third minute 
the heart came to a sudden and permanent standstill In a 
fourth experiment the current of hydrogen was started at 
10:03 A. M. The number of heart-beats was 100 per minute. 
The following table indicates the course of the experiment: 

10:03 - - - - 100 beats per minute 

10:04 - - - - 102 " 

10:05 - - - - 100 " " " 

10:06 - - - . 96 " " ** 

10:07 - - - - 98 " " 

10:08 - . - - 90 " " " 

10:11 - - - - 60 " " " 

10:12 - - - - 64 ** " 

10:13 - - - - 64 ** *' 

The heart then came to a sudden standstill Three min- 
utes later the heart again beat twice ; shortly after this it beat 
regularly for one minute (39 times per minute). The heart 
then again stopped; a few scattered beats followed, and at 
10:25 A. M. the heart came to a permanent standstill 

When the embryos whose hearts had come to a standstill 
were returned, after not too long a time, to water containing 
oxygen, resuscitation of the heart followed, and this the 
earlier, the shorter the time the embryo had remained in the 
atmosphere free from oxygen. If the eggs remained for one 
to one and a half hours in the gas-chamber, they became 
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opaque and sank to the bottom. Twenty-five minutes after 
turning on the hydrogen the changes which we have described 
in detail above — namely, the appearance of the strongly 
refractive droplets — were often clearly visible. 

If now we ask for the cause of the rapid and sudden 
standstill of the heart of Ctenolabrus embryos when deprived 
of oxygen, we must admit, first of all, that a failure of the 
energy which is supplied perhaps by processes of oxidation 
cannot be the cause. For, since the oxygen is replaced by 
hydrogen only gradually, the number of heart-beats should 
under these circumstances also decrease only gradually until 
a minimum is reached. The behavior of the heart was, how- 
ever, entirely diflferent. The heart usually came to a stand- 
still without a noteworthy decrease in the number of heart- 
beats; sometimes a decrease was noted. For the same 
reasons the view that in three to ten minutes after iurning 
on the current of hydrogen all the potential energy present 
in the heart has been used up is also to be set aside. After 
the heart had ceased to beat, the entire animal still executed 
spontcmeous movements, and the heart remained generally 
active in case of lack of oxygen longer than the rest of the 
body of an animal.* The rapid and sudden standstill of the 
heart of Ctenolabrus is the consequence either of a sudden 
poisoning, or of a structural change in the heart brought 
about by the removal of oxygen. It might also be that the 
poisonous eflFect consists only in bringing about molecular 
changes. The experiments on the cleavage of the Ctenola- 
brus egg showed that a change occurs in the cell-walls in 
consequence of which they break up into droplets. We 
must assume that these changes are brought about by the 
beginning lack of oxygen, or the metabolic products formed 
in consequence of this lack of oxygen. Might it not be pos- 
sible that a liquefaction of solid elements aiid the formation 

1 Miss Moore has siuce found that iu yourif? fish whose respiratory and sponta- 
neous motion J havo ceased the heart still continues to beat for hours. [1903] 
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of droplets hinders the production or the transmission of 
molecular movements, and in this way brings about the sud- 
den standstill of the heart ? This idea would also harmatii2e 
very well with the fact that the heart comes to a standstill as 
snddenly and as unexpectedly as death ensues from embol- 
ism< It would also be in harmony with this idea that after 
the sudden standstill of the heart a few occasional heart- 
beats may yet appear. We will, however, not enter farther 
into the field of hypotheses, but rather attempt to see how 
the heart of Fnndulu.^ behaves in the lack of oxygen. 

Numerous experiments on embryos from four to ten days 
old (the embryos do not hatch until after the twelfth day) 
showed without esception the following behavior of the heart 
in the case of lack of oxygen; 

During the first ten to twenty minutes after the hydrogen 
is turned on through the gas-chamber, the number of hearts 
beats does not decrease. A transitory acceleration even 
occurred, which, however^ was brought about through a rise 
in temperature caused by passing the hydrogen gas through 
the gas-chamber. This acceleration did not occur when I 
packed the hydrogen generator in ice. But the decrease in 
the amount of oxygen contained io the Fnndulns egg, which 
occurs during the first twenty minutes and which causes the 
heart of the Ctenolabrua embryo to stand still, has no effect 
upon the rate of the heart of the Fund ul us embryo. 

Then follows a {period of steady decrease in the number of 
heart-beats, which continues for about on© and one-half 
hours. The decrease occurred most rapidly at first and then 
more slowly. During this period the number of heart- beats 
fell from about 120 or 100 a minute to about 20 per minute. 
This perioti corresponds, it seems to me (and we shall find 
further proofs for this idea later), to tlie jx^riod of progres- 
sive decrease in the oxygen necessary for the os^idations in 
the heart, 
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When the number of the heart-beats has decreased to the 
minimum of about 20 per minute, the heart continues to 
beat at this rate for about eight to ten hours in an uninter- 
rupted and regular manner, until at the end of this time it 
comes to a standstill. Since our earlier experiments rendered 
it possible that after two hours all the exhaust- 
ible oxygen has certainly been driven out by 
the current of hydrogen, we are perhaps justified 
in assuming that the energy for this long- 
continued and regular, but slow, activity of the 
heart is derived from processes of hydrolysis. 
It seems as if we are able in the Fundulus 
heart to separate numerically the energy derived 
from hydrolytic processes from that derived 
from processes of oxidation, in that the former 
source of energy yields about 20, the latter the 
remaining, about 80 to 100, heart- 
beats per minute. I would especially 
emphasize the fact that during the 
entire time of the experiment the 
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current of hydrogen was passed through the gas-chamber 
uninterruptedly, and that in consequence every action of the 
carbon dioxide had been shut out in these experiments, as 
in those upon the Ctenolabrus embryo. 

We shall now describe a few of the individual experi- 
ments. In one case the hydrogen current was turned on at 
8:4:2 A. M. The number of heart-beats was 108 to 114 per 
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minute. This number remained constant until about 9:08. 
(The current of hydrogen was not as vigorous as usual.) At 
9:12 the number of heart-beats was 96; at 9:30 the number 
was 69; at 10 the number was 48; and at 11 it had fallen to 
27. At 11:25 the heart beat 23 times per minute; at 11:40 
it beat 20 times per minute ; after which the number of beats 
varied between 20 and 23 per minute, until 8:45 P. M.; in 
other words, more than nine hours. The curve of Fig. 124 
illustrates the condition of affairs better than description. 
The curve is typical and may be looked upon as representing 
any one of these experiments. Only the absolute values 
varied with diflferent individuals and with the temperature. 

In another experiment the current of hydrogen was turned 
on at 3:06 A. M. The number of heart-beats was 120. At 
3:17 the heart beat 126 times, after which the number 
decreased, as shown in the following table: 

3:20 110 beats per minute 

3:22 - - . . 86(!)" ** 

3:25 60 " " ** 

3:27 ... - 54 '' " ** 

3:31 50 " *' " 

3:34 .... 44 u u u 

3:40 36 " " " 

3:45 ... - 33 u u u 

3:52 24 " " " 

4:00 .... 22 " " '' 

4:05 20 " '* " 

4:12 - - - - 19 " " 

4:20 16 " " " 

4:30 - - - - 14 u u a 

4:55 12 " " " 

This rate continued unchanged until 9:50, when the 
experiment was brought to a close. It is readily seen how 
much more rapidly the decrease occurs at first than later. 
Fig. 125, which illustrates the beginning of this exjieriment, 
shows this very strikingly. 
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I have repeated this experiment eight times, always with 
the same result. It was of importance now to determine 
whether the number of heart-beats increases, and how much 
it increases, when a heart which has attained its minimum 
rate in hydrogen is again exposed to the oxygen of the air. 
In one such experiment the current of 
hydrogen was turned on at 9:10 A. M. 
The number of heart-beats was 120 per 
minute. At 11 the number of heart-beats 
had fallen to 42, and soon thereafter the 
minimum of 24 heart-beats was reached. 
At 2:40 the number of heart-beats was 
still 24. At 2 : 44 the embryo was taken 
out of the gas-chamber and brought 
into fresh water, and at 2:48 the num- 
ber of heart-beats was counted; it was 
then 30. The further 
course of the experi- 
ment is shown in the 
following table: 







FIG. 125 



2:48 
2:49 
2:50 
2:55 
3:00 
3:03 



40 beats per minute 
51 " '^ 
60 " 
66 '' 
66 " 
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3:05 75 beats per minute 

3:08 - - - - 81 " " " 

3:15 84 " '' " 

3:25 ... - 96 '* ** " 

3:35 102 " " 

3:47 - - - - 111 " 

3:53 120 " " '* 

This rate continued until 5 :10, when it increased to 132.' 
This experiment, which I repeated several times with the 
same result, shows that the decrease in the number of heart- 
beata when the heart is deprived of oxygen is dependent 
chiefly upon the decrease in the energy furnished by oxida- 
tion and not upon the formation of poisonous substances. 
The fact that the minimum number of heart-beats continues 
a very long time without oxygen also speaks against the 
latter idea. 

We can make use of still another method to determine 
what proportion of the heart-beats in the Fundulus embryo 
depends upon oxidations, and what proportion upon pro- 
cesses of splitting. By placing the gas-chamber upon ice 
and passing a current of hydrogen through it, we are able to 
drive out the oxygen, while the processes of hydrolysis are 
at the same time reduced to a minimum through the lower- 
ing of the tem|)erature. Tn one experiment I passed the 
hydrogen through the gas-chamber for two hours, while 
keeping it on ice. The hearts were then removed from the 
ice, but the current of hydrogen was maintained. At room 
temperature the number of heart-beats, which at the begin- 
ning of the experiment had been 117, rose to 87 (in 
twelve minutes), to descend again to 36 in the course of 
the next hour. Forty minutes later the minimum of 21 
was attained, at which rate the heart continued to beat 
for seven hours. Toward the last a slight increase occurred 

1 This experimeDt shows that the oxy(?OD diffuses comparatively rapi'dly into th« 
egg. L1903J 
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in the number of beats. I had expected that the number of 
heart- beats would be only the minimal one after removing 
the gas-chamber from the ice. Possibly all the oxygen had 
not been driven out. I therefore repeated the same experi- 
ment, but allowed the gas-chamber to remain for three hours 
on the ice. This time I expected that at room temperature 
the number of heart-beats would only reach the minimum 
which corresponded to the temperature. But this time also 
the number of heart-beats rose in six minutes to 66, after 
which the rate decreased steadily. One hour later the heart 
beat 42 times, and after thirty-five minutes the minimum of 
24 was reached. I do not doubt that after passing a vigor- 
ous current of hydrogen through the gas-chamber for three 
hours all the oxygen is exhausted from the egg. If this 
assumption is correct, these experiments can be made to har- 
monize theoretically with the results obtained earlier only 
by assuming that the processes of hydrolysis do 7iot occur 
with uniform intensity, but that they occur much more rap- 
idly at first when the oxygen is first withdrawn (or perhaps 
also under the ordinary conditions of oxygen supply) than in 
the continued lack of oxygen.* 

It is, moreover, to be noted that the data necessary for 
calculating the work of the heart are lacking in these ex- 
periments. Only by assuming that these data are the same 
in the presence of oxygen as in its absence can conclusions 
be drawn as to the behavior of the two sources of energy. 
If we make this assumption, we come to the conclusion that 
of all the energy which is used up by the Fundulus embryo 
in normal heart-activity, that much at least which cor- 
responds to the minimal number of heart-beats in the lack 
of oxygen is dependent upon processes of hydrolysis. This 
number is about one-sixth or one-fourth of the total number 
of heart-beats which occur under normal conditions of 

1 Perhaps in this case the effects of poisonous sabstances are to be considered. 
[1W3J 
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oxygen supply aod at the same temperature. When, how* 
evör, w© consider the results of the experimeute carried on 
in the cold» we come to the conclusion that in the presence of 
oxygen the proportion of energy obtained through processes 
of splitting may be much greater than this; it may then 
amount to 50 or 70 per cent, of the work done by the heart- 
The behavior of the heart of a Funduins embryo in car- 
bon dioxide is of interest in so far as it shows that carbon 
dioxide is just as poisonous in this case as upon the heart of 
the Ctenolabrus, While the Fundulus heart continues to 
beat for twelve hours» and even longer, when the oxygen is 
driven out by hydrogen, the ventricle ceases to beat as early 
as twelve minutes after passing carbon dioxide through the 
gas-chamber. Only the auricle continues to beat, and the 
circulation soon comes to a stop. The contractions become 
weaker and less numerous. In on© esiieriment the heart 
beat 9r> times per minute at the beginning of the exi>eriment, 
54 times after eight minutes, 45 times after ten minutes, 
and 42 times after twenty minutes. The heart then ceased 
to beat entirely for long periods of time, and thirty-two 
minutes after turning on the carbon dioxide the heart 
stood still. In other ex|>eriments the heart did not cease 
to beat until after one and one-half hours. When the 
heart is exi>osed to the [MDisonous effect of CO^ and ceases 
to beat even after one hour, the heart begins to beat 
again when the carbon dioxide is replaced by air. The 
resuscitation of the heart is as follows: The auricle recovers 
more ra[>idly than the ventricle, and the latter at first beata 
a less numl>er of times than the former. In one ex- 
[lerinient a heart which had come to a standstill was exposed 
to air at 10 A. M. At 10:06 the auricle beat 24 times per 
minute- while the ventricle was still quiet. The ventricle 
did not begin to contract until the next minute, and the 
number of auricular contractions was 33 a minute at this 
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time. At 10:23 the auricle beat 72 times, while the ven- 
tricle beat 42 times per minute. The ventricle often con- 
tracted only once to every two, or even at times three, auric- 
ular contractions. At 10:35, however, the rate of the 
ventricular and the auricular contractions was the same, 
namely, 84 per minute, and from then on they continued 
the same. These phenomena, which are characteristic of 
all experiments with carbon dioxide, were never observed in 
replacing the air by pure hydrogen. 

In another series of experiments I permitted CO, and 
hydrogen to pass alternately through the gas-chamber. In 
one case I turned on the hydrogen at 8:30 A. M. At 10:30 
the heart beat 24 times per minute; at 10:31 the hydrogen 
current was interrupted and the CO, current was turned on. 
(Through a simple T-tube connection and a pair of pinch 
cocks it was possible to pass either the hydrogen or the CO, 
through the gas-chamber at will, without admitting air.) In 
a few minutes the ventricle ceased to beat and the circula- 
tion stopped. After an hour the current of carbon dioxide 
was interrupted, and hydrogen was again passed through 
the chamber. After forty minutes the ventricle again be- 
gan to beat ; the number of its beats was 24, and remained 
so until death. By replacing the CO^ by hydrogen it is 
ffierefore possible to do away with the poisonous action of 
the former. This experiment demonstrates very nicely a 
fact which is perhaj» doubted by no one: that carbon 
dioxide and lack of oxygen have entirely different effects, 
which in ordinary cases of asphyxia are added together.* 
In this tray it is 2>ossible by passing through the chamber 
a current of pure hydrogen gas to bring to life again a 
rent ride which has been asphyxiated in carbon dioxide. 

1 It also demonstrates very nicely the possibility that other non-rolatile 
poisonous siibstancps may be formed, by lack of oxygen, which are destroyed again 
when ozyKcn is again admitted. The phenomena of fatigue may belong to this 
category. Lli't«! 
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Finally, it was of interest to compare the resuscitating 
effect of air with the resuscitating effect of hydrogen, Fun- 
dnliis embryos were introducöd into two gae-chambers* At 
the beginning of the experiment the heart under observation 
in one of the chambers beat 90 times a minute; that in the 
other, OC times a minute. Hydrogen was passed through 
the chambers, and after an hour and fifty minutes the 
frequency of the heart-beats had fallen in both cases to 18 
per minute. In place of the hydrogen, carbon dioxide 
was then passed through the chambers. In fifteen minutes 
the ventricles stopped beating, and the pulsations of the 
auricles became much weaker. After 45 minutes one of the 
hearts was apparently dead, white the auricle of the other 
still beat IS times a minute, though the beats were scarcely 
perceptible. One of the gas-chambers was then opened 
and the embryo exposed to the air, while in the second cham- 
ber the CO, was replacecl by hydrogen. After fifteen 
minutes the heart which had been apparently dead and 
which was exposed to the hydrogen beat 24 times a minute, 
but only the auricles contracted. Both the auricle and the 
ventricle of the heart which was ext>o&ed to the air beat 
GO times. Two hours later the heart beat 30 times per 
minute in the hydrogen, but the contractions wer© still 
limited to the auricle, while the heart exposed to the air 
beat 72 times. When a little later I exposed the em- 
bryo kept in the hydrogen to air, the ventricle did not 
recover. The number of auricular contractions did rise 
within fifteen minutes from 18 to 54, but shortly there* 
after the entire heart ceased to beat. In resuscitating a 
heart poisoned by COg, oxygen is therefore more effect- 
ive than the simple removal of the CO, by hydrogen. 
We are not able to explain why the ventricle ceases to 
beat when exposed to carbon dioxide sooner than the auriclep 

We meet with an entirely different relation between car- 
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diac activity and oxygen in the larvse of a fresh-water 
mussel (Cyclas). In this animal the frequency of the heart- 
beat steadily decreases from 50 heart-beats to in the course 
of one and one-half hours in an atmosphere of hydrogen (at 
24° C). In this case, therefore, we have neither a sudden 
standstill of the heart ¥rithout an appreciable decrease in the 
frequency, as in Ctenolabrus, nor a long-continued steady 
beat of low frequency, as in Fundulus, but a decrease in 
cardiac activity which runs parallel with the removal of 
oxygen, as if processes of oxidation are the sole source of 
energy for the activity of the heart. 

XI. ON THE TRANSFORMATION OF NEGATIVELY HELIOTROPIC 
ANIMALS INTO POSITIVELY HELIOTROPIC THROUGH LACK 
OP OXYGEN 

A series of papers have proved that it is possible to 
change the sign of heliotropism in certain animals at will 
through external conditions.* It is an easy matter, for 
example, to render negatively heliotropic Copepods posi- 
tively heliotropic by cooling, and to keep them permanently 
positively heliotropic at a low temperature; while it is also 
possible to render positively heliotropic Copepods negatively 
heliotropic by an increase in temperature. The same 
experiments can be made on larvse of Polygordius. In 
order to determine the cause of this change in the sign of 
heliotropism, and also the conditions upon which the latter 
depends, I tried to see whether other conditions could bring 
about similar changes. Groom and I had previously found 
that the positively heliotropic Nauplii of Balanus perforatus 
rapidly became negatively heliotropic when exposed to 
strong light. 

I also found that the same effect can be produced upon 
Copepods and Polygordius larvae by properly diluting the 

1 Groom und Loeb, BioLogi^chet Centralblatt, Vol. X ; Loeb« Vol. I, pp. 265 ff. 
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sea- water as by increasing the temperature, while a proper 
increase in the concentration of the sea-water brings abont 
the same effect na cooling. 

The majority of Cö|>epods were, immediately after lieiog 
caught, [Kjsitively heliotropic* It eeemed as if the majority 
of the negatively heliotropic Cojiepods belonged to one and 
the ßame species» When the Cope|X)ds were allowed to 
remain for a long time in a ve&sel containing sea- water, the 
number of negatively heliotropic animals decreased, becom- 
ing i:K>sitively heliotropic with time, while the reverse change 
occurred only rarely. The experiments on the effect of lack 
of oxygen w^ere made under a small bell- jar, the contents of 
which were sejiaratetl from the air on the outside by mer- 
cury. Two tubes extended into the bell -jar, one of which 
conducted the hydrogen into the bell, while the other con- 
ducted it away from the bell. Two vessels were placed 
under the bell-jar, of which the one contained freshly 
selected {Kjsitively heliotropic Copepods, while the other 
contained negatively heliotropic Cojiepods. While the 
positively heliotropic animals remained jxisitively heliotropic 
during the course of the experiment, the negatively helio- 
tropic Copepods within fifteen to twenty minutes after the 
hydrogen was turned on began, in part, to leave the room 
side of the vessel and to distribute themselves irregularly 
throughout the vessel, in part to collect at the window side 
of the vessel. The iiuml>er of aniumls collected near the 
window steadily in creased, while the number of Co|^jx>ds at 
the room side of the vessel steadily decreased. In about 
thirty to forty-five minutes after the current of hydrogen 
bad been turned on all the Ck)[)epods lay quietly on the 
bottom of the vessel. The Copeix>ds which had from the 
I beginning Ix^en jx>sitively heliotropic died at the side of 
the vessel nearest the source of light, Jlost (if not all) of 
the Ck>iM?pod8 which had at first been negatively heliotropic 
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were also found at the window side of the vessel. A second 
small collection occurred in the middle of the vessel, while 
the room side of the vessel was entirely vacated. The ani- 
mals usually did not become positively heliotropic until 
shortly before they became motionless. This explains why 
the conversion of the negatively heliotropic into the posi- 
tively heliotropic animals through lack of oxygen cannot be 
obtained with the precision and elegance with which the 
change can be obtained by cooling. In the latter case the 
animals retain their full power of movement ; in the former 
the transformation does not occur until the animals have 
suffered from lack of oxygen. But even then the phenome- 
non is so striking that it might be used as a demonstration 
experiment. I have repeated the experiment eight times 
¥rith the same result. At first it seemed to me as if the 
negatively heliotropic Copepods died more rapidly in the 
absence of oxygen than those which were positively helio- 
tropic from the beginning. This finding, however, was not 
borne out in every case. 

When the ex})eriment was interrupted early, at a time 
when the animals first began to become positively heliotropic, 
and air was then admitted, the Copepods which had become 
positively heliotropic again became negatively heliotropic. 

The remarkable effects, which we have described here, of 
lack of oxygen on the sense of heliotropism, are, of course, 
not confined to Copepods. I made similar experiments uiK)n 
the negatively heliotropic marine Isopods, the majority of 
which also become positively heliotropic in less than two 
hours when oxygen is withdrawn. These experiments will 
be continued. 

We see, therefore, that lack of oxygen has the same 
effect upon the sense of heliotropism as cooling or increas- 
ing the concentration of the sea- water. Araki has shown 
that by cooling the chemical effects of lack of oxygen can 
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be brought about, and it is therefore possible that the posi- 
tive heliotropism in both cases is determined by the same 
chemical conditions. It must be left for further experiment 
to decide this point. 

Xll. ON CHANGES IN PIGMENT CELLS IN LACK OF OXYGEN 

It is a definitely established fact that the pigment cells in 
the skin of the frog become lighter after death. This 
lightening is brought about, as Biedermann has found,^ by 
the fact that the coloring matter collects into small clumps. 
A piece of the skin which has been deprived of its circu- 
lation shows the same changes. 

In the transparent portions of the skin which can be studied, 
microscopically — such, for example, as the web of the amputated 
foot of Rana temporaria — it can easily be seen how the much- 
branched pigment cells which follow the course of the capillaries 
gradually change their form, in that the coloring matter moves 
toward the center of the cell imtil finally all the pigment is col- 
lected into clumps (p. 175). 

Increase in the carbon dioxide cannot be the cause of 
this change in the pigment cells, for Biedermann found that 
the skin does not become lighter when the frog is poisoned 
with CO J. Biedermann believes that the cause is probably 
to be found in the decrease in the amount of oxygen. 

The surface of the yolk-sac of the Fundulus embryo is 
studded with a large number of black and reddish-yellow 
pigment cells, which are at first distributed irregularly, but 
which later, as I have shown,' are compelled to creep upon 
the blood-vessels and surround them. With this the first 
physiological cause was furnished for the marking of an 
animal. Since then other authors have also found that the 
course of the embryonic blood-vessels determines the mark- 
ing of the embryo. 

1 Pflügcrg ArchiVy Vol. LI. 

2 Journal of Morphology^ 1S9S. 
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The black and red pigment cells can be distinguished 
from each other, not only by their color, but also by their 
form. The latter send out a large number of thin pseudo- 
podia-like processes which are never found in the black pig- 
ment cells. In the experiments on the effect of lack of 
oxygen on the cardiac activity of the Fundulus embryo, it 
was noticed that the originally dark yolk-sac gradually be- 
came lighter in color when exposed to hydrogen for a long 
time. The pigment cells can be observed very carefully 
with the microscope, and I expected to observe the same 
phenomena that Biedermann observed in frogs. This was, 
however, not the case. It was found in the course of a series 
of experiments that the dark pigment granules and the 
black cells gradually disappear the longer the current of 
hydrogen is kept up, and that the collection of the pigment 
in the center of the cell does not occur. 

The changes in the red pigment cells in lack of oxygen 
are of a somewhat different nature. The lightening of the 
color often occurs in this case also. Besides this, however, 
the cells become smaller. The tips of the cell-processes 
break off, remaining visible at first as tiny droplets, which 
disappear later. As this process continues, the pigment 
cells gradually become smaller. 

These changes remind one of the fact that certain dyes 
become colorless when reduced. In our experiments it 
might also be possible that the discoloration of the black 
pigment is a result of a reduction, which does not occur in 
the presence of atmospheric oxygen. 

XIII. concluding remarks 

It seems to me that the most important result of the 
foregoing experiments consists in the proof which has been 
brought forward that in certain cases at first molecular, 
and later morpholoyicaly changes are brought about in cells 
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through lack of oxygen, lahich in their turn are the cause 
of the suspetision of life-phetwmemL This has been proved 
for the prot.^89 of cleavage in the Ctenolabrus egg. The 
cleavage-cells of Ctenolabriis are dissolved again and fuse 
together when oxygen is removed* These changes are not, 
however, an evidence of death, for as soon as such a fused 
blastoderm is again exposed to air it begins to divide anew. 
On the other Iiand, these molecular changes are sntBcieni to 
hinder cleavage. The cleavage-cells of the Arbacia egg 
seem to suffer similarly in the lack of oxygen, although the 
changes arc much less marked We find that here abo 
cleavage is impossible without oxygen. Yet lack of oxygen 
does not bring about the same sort of molecular changes in 
the FunduluB egg as in the Ctenolabnis egg, and corre- 
iponding with this ditference cleavage may also go on with- 
out oxygen for many hours in Fundulus, 

It is also ]>osßible that such molecular changes as are 
brought al>out by the lack of oxygeu in the cell are also the 
cause of the cessation of other life-phenomena; for example, 
the beat of the heart (and the activity of the respiratory 
center). W© thus find that in Ctenolabrus, where the first 
cleavage-cells suffer such profound structural changes 
through lack of oxygen, the heart of the embryo comes to a 
standstill very rapidly and suddenly through lack of oxygen 
before a marked decrease has taken place in the frequency 
of the heart- beats; while the heart of the Fundulus, whose 
cells suffer no such structural changes, coutinues to beat for 
many hours without oxygen. Since the chemical energy 
set free in the cells must first be converted into molecular 
energy m order to bring about the physiological function, it 
is clear, a priori, that not only a decrease in the supply of 
the chemical energy, but any structural change which ren- 
ders impossible the conversion of chemical energy into the 
molecular energy necessary for the activity of the tissue, 
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must also lead to a standstill in the particular life-phenome- 
non under observation. We find that both possibilities are, 
indeed, encountered. Further investigation may possibly 
be able to show that the sudden cessation of life-phenomena 
through lack of oxygen may generally be attributable to 
structural changes. Were this the case, it might point the 
way, perhaps, to a clearer understanding of the action of 
many poisons. 
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